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ABSTRACT 
 
 
  Japanese spiny lobster, Panulirus japonicus, is commercially important species in 
Japan and other countries such as Korea, China and Taiwan. Recently, this species was 
developed toward aquaculture to increase their production. Several researches in order to 
improved the Japanese spiny lobster aquaculture especially phyllosomas (spiny lobster larvae) 
culture were done. Although the culture of phyllosomas was successful, the survival rate from 
hatching to the juvenile stage is still low. Other than the long phyllosoma stage (almost 1 year), 
what affects to the growth of lobster aquaculture is diseases caused by microorganism. Thus, it 
is very important to find ways to enhance their natural immunity. Japanese spiny lobster 
belongs to the family of crustaceans. Like many other crustaceans, it lacks an adaptive 
immune system and relies exclusively on their innate immune mechanisms that include both 
cellular and humoral responses. Cellular immunity is based on cell defense reactions, 
including encapsulation, nodule formation, and phagacytosis whereas humoral immunity is 
composed of the prophenoloxidase activating system, clotting system and the synthesis of 
antimicrobial peptide. 
 
 A better understanding of lobster immunity would help us design efficient strategies 
for disease control and insure the long-term survival of phyllosomas. The studies of the lobster 
defense mechanisms at the molecular level are needed. At present, the number of Japanese 
spiny lobster genes in DNA databases is limited. Hence, the first study was done in order to 
increase the DNA sequence information for Japanese spiny lobster to be used later as a 
molecular tool. For the second and third studies, the immune-related genes that were identified 
from the first study were further characterized.  
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 The first study, expressed sequence tags (ESTs) was used as a tool for identifying 
homologues of reported genes of Japanese spiny lobster. Two complementary DNA (cDNA) 
libraries were constructed from phyllosomas and hemocytes of adult Japanese spiny lobster. 
Partial sequences of cDNAs were analyzed by comparison with the National Centre for 
Biotechnology Information (NCBI) database. A total of 2,673 ESTs were obtained. After 
assembly and clustering, 450 and 458 unique sequences were found from the phyllosoma and 
hemocyte cDNA libraries, respectively. Of these, 114 (25.3%) and 220 (48.0%) ESTs showed 
significant homologies with known genes in the NCBI. The remaining sequences, 336 
phyllosoma ESTs (74.7%) and 238 hemocyte ESTs (52%), were of unknown function. These 
results reflect the limited number of sequences of this species in the sequence database. 
Immune-related genes found in this study include lectins, proteinase inhibitors, 
prophenoloxidase, heat-shock proteins, antimicrobial peptides, and a few putative defense-
related proteins. In present study, I interested in antimicrobial peptide group. Defensin and 
crustin which are antimicrobial peptides were further characterized. 
 
 The second study, defensins are cationic AMPs having broad-spectrum antimicrobial 
activities against a variety of microorganisms: Gram-negative and Gram-positive bacteria, 
many fungi, as well as some enveloped viruses. Two contigs encoding a homologue of a six-
cysteine defensin motif were obtained from a Japanese spiny lobster hemocyte cDNA library. 
Thus, two isoforms of Japanese spiny lobster defensin (PJD1 and PJD2) cDNA were 
characterized. PJD1 and PJD2 contained an open reading frame of 656 and 673 nucleotides 
encoding putative proteins of 66 and 64 amino acids, respectively. The isoforms share 74.2% 
amino acid identity. The amino acid sequences alignment, PJD1 and PJD2 were not conserved 
among invertebrates defensins, but showed well conserved six cysteines residues with the      
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β-defensins sequences from vertebrates species, especially with chicken β-defensins. In a 
phylogenetic analysis, the peptides clustered with vertebrate defensins and were closely 
mostly related to chicken β-defensin. This is the first study to report such an occurrence. For 
the expression profile, PJD1 and PJD2 were detected in all tissues examined including heart, 
nerves, intestine, hemocytes, gills and hepatopancreas. 
 
 The third study, I characterized four isoforms of crustin antimicrobial peptide (PJC1 to 
4) which were identified from the phyllosoma cDNA library of Japanese spiny lobster. PJC1 
to 4 contained an open reading frame of 393, 420, 375 and 453 nucleotides encoding putative 
proteins of 130, 139, 124 and 150 amino acid residues, respectively. The general structure of 
crustins composed of signal peptide and whey acidic protein (WAP) domain, between these 
regions is variable. To date, over 50 crustin sequences have been reported from a variety of 
decapods, including crab, lobsters, crayfish and shrimp. Smith et al. (2008) later divided 
crustins into three main types. Type I crustins are mostly isolated from crabs, lobsters and 
crayfish while Type II crustins are mostly isolated from shrimps. Type III was isolated from 
decapods and resembles crustins but contained only the WAP domain. Each of the deduced 
sequence of Japanese spiny lobster crustins contained a signal peptide at the N-terminus and 
12 conserved cysteine residues containing a WAP domain at the C-terminus that has been 
elucidated in proteins with antimicrobial activity function. Interestingly, PJC1 to 4, like Type 
II shrimp crustins, contained glycine-rich region of varying lengths. A phylogenetic tree and 
sequences alignment revealed that PJC1 to 4 are more closely related to shrimp crustins than 
to other lobster crustins. RT-PCR analyses showed that the mRNA transcript of PJC 1, 3 and 4 
were detected in the heart, nerves, intestine, hemocytes, gills and hepatopancreas, while PJC2 
was detected only in the nerves. 
 1 
CHAPTER 1 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 2 
CHAPTER 1 
Introduction 
 
 
1.1. Taxonomy 
 
Lobsters are invertebrates belonging to the Crustacean class of the Phylum Arthropoda. 
Lobsters included large crustaceans from two groups, namely clawed and spiny lobster, 
respectively. Clawed lobsters or true lobsters, they can be easily distinguished from the other 
lobsters by the presence of claws (chelates). They are classified under the taxonomic family 
Nephropidae. The other group, spiny lobsters are without claws but with a pair of horns that 
can be seen above the eyes. Spiny lobsters belong to family Palinuridae. The genus Panulirus, 
comprising 19 or more species, is the largest group in this family [1-3]. Spiny lobsters are also 
called langouste, rock lobsters, crayfish, sea crayfish or crawfish.  
 
The taxonomic definition of the Japanese spiny lobster, P. japanicus is as follows the 
NCBI taxonomy database; Kingdom, Animalia; Phylum, Arthropoda; Class, Malacostraca; 
Order, Decapoda; Family, Palinuroidea; Genus, Panulirus (Fabricius, 1798); Specific, 
japonicus (Von Siebold, 1824). Scientific name, Panulirus japonicus (Von Siebold, 1824) [4]. 
Commom name: Japanese spiny lobster, Japanese crayfish, Ise-ebi, Langouste japonaise 
(France), Langosta japonesa (Spain) [2]. 
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1.2. Morphology  
 
 The spiny lobster, like other crustaceans, has an exoskeleton or a hard external 
skeleton that encases, protects and supports their soft body. The basic parts of a lobster include 
abdomen, antennae, antennules, carapace, cephalothorax, pereiopods, eye, mandible, 
maxillipeds, telson and uropods (Fig. 1.1). 
 
Abdomen is the tail section of the lobster which is composed of seven segments, the 
swimmerets, telson and uropod. Antennae are sensory organs, which functions as a 
chemoreceptor. Antennules are smaller than antennae, thin and flexible, and help to perceive 
distant odors. The external shell of the cephalothorax is called the carapace. Cephalothorax, 
one of the main parts of a lobster, is made up of the head and the thorax. A spiny lobster has a 
pair of compound eyes providing sense of sight. The functions of the mandibles and 
maxillipeds are to grip and shred its food. Pereiopods are two sets of walking legs suitable for 
burrowing. Central part of the tail fan is called telson and outer pairs of tail fins are known as 
uropods. 
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Fig. 1.1. Schematic view of spiny lobster (modified from http://edis.ifas.ufl.edu/FA147) 
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1.3. Life cycle and reproduction of spiny lobster 
 
There are five major phases in the life cycle of spiny lobsters: (1) phyllosoma larvae, 
(2) puerulus, (3) settlement, (4) adults, and (5) mating. 
 
Lobster female reproduction is synchronized with the molt cycle same as shrimps and 
crabs [5, 6]. The reproductive cycle of Japanese spiny lobster initiated from the yolk 
accumulation became conspicuous in February and ovaries grew rapidly in March. Female 
lobsters carry their eggs (known as berries) beneath their abdomen, attached to structures 
called spinnerets. Females spawn from late April to mid August and are ovigerous to mid 
September. Females have two successive spawning during the breeding season at an interval 
of 1-2 months representing the incubation period [7]. 
 
Larval cycle of the spiny lobster is adapted to a long life in open ocean (Fig. 1.2). Early 
development composed of larval stage (phyllosoma) and puerulus stage. Phyllosoma have 
highly transparent and dorsoventrally compressed bodies and very long planktonic period 
extending from several months to more than a year [8, 9]. The phyllosoma appears to be a 
poor horizontal swimmer but swims more strongly vertically. The last phyllosoma 
metamorphoses into a further planktonic stage, the puerulus [10], which is the stage in charge 
of performing the settlement or transition from the planktonic to a benthic existence [11]. 
During this stage the puerulus do not feed as they migrate from the open ocean to shallow, in-
shore mangrove/macro-algal habitats. After settlement, the puerulus metamorphoses into the 
adult-like juvenile [12]. 
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Fig. 1.2. Life cycle of spiny lobster  
 
Under laboratory condition, phyllosoma development of Japanese spiny lobster ranges 
from 231-417 days at 24-27 oC and the total number of molts from hatch to the puerulus stage 
ranges from 20-31 [13]. The puerulus moults to the first moult postpuerulus juvenile a few day 
to weeks after settlement [10]. The information on the life cycle of Japanese spiny lobster 
shown in Table. 1.1 [10, 14].  
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Table. 1.1. Overview of the life cycle of Japanese spiny lobster [10, 14] 
Information  
Age (years) hatching to maturity >3 
Brood per year 2 
Incubation period (months) 1-2 
No. of stage 12 
No. of instars 29 
Phyllosoma period in nature (months) 9-12 
Phyllosoma period in laboratory (months) 8-13 
Puerulus period in nature (days) >8 
Puerulus period in laboratory (days) 12-15 
 
1.4. Japanese spiny lobster : am important species of Japan 
 
 There is strong worldwide demand for lobster consumption. Total world landings 
exceed 75,000 metric tons, with a dockside value of approximately $500 million dollars [15]. 
Catches of American lobster (Homarus americanus) and spiny lobster (Panulirus spp.) 
reported more than 50% of the world’s lobster production in each year. Other important 
species include European lobster (Homarus gammarus) and rock lobster (Jasus spp.) 
(Fig. 1.3). Spiny lobster distributed around the world. They are one of the world’s most 
valuable seafood with high prized and high market in Asia, Europe and America (Fig. 1.4). 
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Fig. 1.3.  World lobster production by species (from http://www.fao.org/fishery/statistics) 
 
 
 
 
 
 
 
 
 
Fig. 1.4.  Spiny lobster distribution. Smooth-tailed spiny lobster (    ), Caribbean spiny lobster 
(    ), European Spiny Lobster (     ), Ornate spiny lobster (     ), Southern spiny lobster   (   ), 
Longlegged spiny lobster (     ), Japanese spiny lobster (      ), Australian crayfish (     ) 
(modified from Holthuis, 1991) 
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Japanese spiny lobster P. japonicus, is one of the most commercially important species 
in Japan and East Asia including Korea, China and Taiwan. Driven by high market value, the 
development of both experimental and commercial-scale spiny lobster aquaculture operations 
are ongoing in Japan including the biology, stock management, and culture of P. japonicus. 
Larval culture, in particular, has been done for years in Japan. The first experiment was done 
in 1898 by Hattori and Oishi [16]. Their experiment was simple, they cultured newly hatched 
larvae were fed diets of fish in small tanks and then checked body weight. In 1957, the culture 
from hatching to subsequent instars was successfully done by feeding of Artemia nauplii [17]. 
After this, research on phyllosoma culture became enhanced. The first complete larval culture 
from hatching to the juvenile stage was successfully done in 1988 by feeding of Artemia 
nauplii supplemented with gonads of common mussel (Mytilus edulis) [9]. However, the 
mortality in cultured stocks is still very high. Factors that have hindered phyllosoma culture 
are the long phyllosoma stage, which take almost 1 year, the diseases caused by 
microorganism and the lack of biological information of the species [18-20].  
 
During the past two decades, several research have been done in order to improve the 
phyllosoma culture which were focused on three major factors; environment parameters, 
nutrition and culture management.  
 
An environment parameter that greatly affects phyllosoma culture is temperature. 
Matsuda and Yamakawa (1977) examined the effect of temperature on growth of phyllosoma 
of the Japanese spiny lobster under laboratory condition [21]. Phyllosomas were individually 
reared at four temperatures (20oC, 22oC, 24oC and 26oC). Intermoult period and moult 
increment were observed. The optimum temperature for growth of larvae smaller than around 
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15 mm body length is 26oC and 24oC for larger larvae. Moreover, photoperiod is also 
important in culturing phyllosoma because they affect behavior and physiological conditions 
that are related to growth and survival. The importance of these parameters were observed 
under a natural light-dark cycle. Larvae cultured under this condition molted synchronously 
within approximately one hour before and after daybreak, except during a period after 
hatching. The start of lighting had a more effect to molting than the end of lighting suggesting 
that sunrise might be the signal for phase-setting in molting rhythm [22]. Light intensity, on 
the other hand, was also studied. The light reaction led aggregation and tangling of the larvae 
when they were cultured communally in tanks. The tangling could cause loss of long 
maxillipeds and pereiopods, resulting in slow growth and low survival rate. To avoid this 
problem, they were cultured at low light intensities or in the dark [23, 24].  
 
Although, the feeding of Artemia nauplii supplemented with gonads of common 
mussel had improved the larval rearing of Japanese spiny lobster, the survival rate is still low. 
To improve larval feeding, the information on natural diets of the phyllosoma has been 
studied. A molecular approach was used to clarify the natural diet of phyllosoma larvae of 
spiny lobster using universal primers for 18S ribosomal DNA (rDNA) which were widely 
used to infer phylogenetic relationships among living taxa [25]. 18S rDNA molecules of 
cnidarians and urochordates were identified in the larval hepatopancreas of two spiny lobsters 
(P. longipes bispinosus and P. echinatus) and one slipper lobster (Scyllarus sp.) which were 
collected during winter [26]. Eukaryote DNA molecules of teleostei, oomycetes, mycetozoa 
and fungi were identified from hepatopancreas of phyllosoma larvae of Japanese spiny lobster 
collected in spring to early summer [27]. These results indicated that the phyllosoma larvae 
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are opportunistic carnivores, whose diets correlate with the relative abundance of prey 
organisms in the ambient water.  
 
For culture management, the culture tanks for spiny lobster were continuously 
improved. Inoue (1981) designed a 30-litre hemispherical tank with many tiny holes on the 
bottom, through which sea water was supplied at a slow water flow, which maintained 
phyllosomas in suspension and prevented aggregation [28]. Sekine et al., (2000) who 
developed on the culture tank designed by Inoue (1981), used similar shaped tanks without 
holes on the bottom and passed sea water through air-tubes fitted to air-stones [13]. Kittaka 
(2000) designed an upwelling system with circular tanks modified from a plankton kreisel for 
larval culture of clawed lobster developed by Greve (1968). The improvement of these culture 
tanks were able to increase the survival rate of phyllosomas, but only for early and middle 
stages [29-30]. Later on, a new culture tank was designed for middle to late stage phyllosoma 
of P. japonicus by Matsuda and Takenouchi (2005) as shown in Fig. 1.5 [24]. This tank gave 
survival rates of puerulus stage at 54%, 51% and 37% at densities of 40, 60 and 90 
phyllosomas per tank, respectively.  
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Fig. 1.5. Culture tank for Panulirus japonicus phyllosoma culture designed by Matsuda and 
Takenouchi (2005). 
 
1.5. Crustacean immune system  
 
 Currently, the lobster immune system is not completely studied yet. Thus, we refer to 
the crustacean immune system from studies mostly from shrimps. Crustaceans, having no 
acquired immunity, have been shown to possess a primitive immune system that relies mainly 
on the innate immunity. The innate immunity is based on cellular response mediated by 
hemocytes. Three major hemocyte groups could be identified in lobster hemolymph: 
hyalinocytes, semi-granulocytes and granulocytes [31]. The general cellular defense reactions 
include phagocytosis, nodule formation and encapsulation. These reactions are associated with 
humoral reactions such as the prophenoloxidase activation system (proPO) which enhances 
the melanization, hemolymph coagulation and antimicrobial actions which act towards the 
elimination of invading pathogens [32]. 
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1.5.1. The prophenoloxidase (proPO) system 
proPO system is triggered by the presence of compounds of microbes, such as β-1,3-
glucans of fungi, lipopolysaccharides (LPS) of Gram-negative bacteria, peptidoglycans of 
Gram-positive bacteria, glycolipid of mycobacteria and double stranded RNA of virus. These 
recognized molecules led the proPO system became active in the presence of potential 
pathogens. Concurrent with proPO activation, many other immune reactions are produced, 
such as antimicrobial, cytotoxic, opsonic, or encapsulation-promoting activities [33]. 
 
The proPO system is a proteinase cascade involving several proteinases. Upon 
stimulation, proprophenoloxidase-activating enzyme (Pro-ppA) is converted to an active ppA, 
a serine proteinase, which then converts the proPO to the active phenoloxidase (PO) by 
proteolysis. PO catalyses the two successive reactions: the hydroxylation of a monophenol to 
O-diphenol (monophenoloxidase activity) and the oxidation of the O-diphenol to O-quinone 
(diphenoloxidase activity) [33-34]. Production of the O-quinones by PO leads to melanization 
(Fig. 1.6). The production of melanin pigment can often be seen as dark spots in the cuticle of 
arthropods in the process of sclerotisation, wound healing and encapsulation of foreign 
materials [35]. Several components and associated factors of the proPO system have been also 
found to initiate several molecules in the defense reaction of the freshwater crayfish [33]. 
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Fig. 1.6. Overview of the arthropod prophenoloxidase (proPO) – activating system. Pattern-
recognition proteins that have bound to β-1,3-glucans, lipopolysaccharides, peptidoglycans 
(i.e. βGBP, LGBP, and PGBP activities); Prophenoloxidase-activating enzyme (Pro-ppA); 
Phenoloxidase-activating enzyme (ppA) [33].  
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In the spiny lobster (Panulirus interruptus), unlike other crustacean most of the 
prophenoloxidase (proPO) was detected in cell-free plasma (86.3%). In spite of its location, 
lobster proPO activating system has a similar activation mechanism to other crustacean proPO 
systems. Hemocyte lysate was able to activate the plasma proPO indicating location of the 
prophenoloxidase activating enzyme (PPAE) in hemocytes. Lobster hemocyte PPAE was 
isolated by affinity chromatography and its participation as activating enzyme was 
demonstrated. This enzyme is a serine-proteinase that transforms the inactive form (proPO) to 
an active one (phenoloxidase). The PPAE was also present in the cell-free supernatant of 
hemocytes previously incubated with Vibrio alginolyticus [36]. 
  
1.5.2. The coagulation system 
The coagulation system is a complex process that entraps foreign molecules and 
prevents the excessive loss of hemolymh from a wound. In vertebrates, the coagulation system 
has been studied in the molecular level. In horseshoe crab, Tachypleus tridentatus, clotting 
formation was activated by lipopolysaccharide or β-1,3-glucans though proteinase cascade in 
the large granules of hemocytes [37, 38]. In this process, coagulogen was converted by 
proteinase into coagulin, which spontaneously aggregates to form insoluble clots. In 
crustaceans, transglutaminases (TGases) was identified in lobster [39], crayfish [33, 40] and 
shrimp [41]. This enzyme is involved in the clotting process. TGases are Ca2+-dependent 
enzymes capable of forming covalent bonds between the side chains of free lysine and 
glutamine residues on certain proteins resulting in polymerization. On the other hand, type C 
coagulation which is involved in the lysis of hyaline cell was found in the spiny lobster and 
shrimp [42]. 
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1.5.3. Antimicrobial peptide 
Antimicrobial peptides (AMPs) are widely found in the whole living kingdom ranging 
from bacteria, fungi, plants, insects, birds, crustaceans, amphibians and mammals. They form 
the first line of host defense against pathogenic infections and are a key component of the 
ancient innate immune system [43]. Most of AMPs are generally small cationic molecules 
meaning that they have a positive net charge at physiological pH due to the presence of a 
higher content in arginine and lysine amino acids (positive charged residues) than in aspartic 
acid and glutamic acid (negative charged residues) [44].  
 
Many studies demonstrated that AMPs interact and increase the permeability of 
bacterial membranes as part of their killing mechanism [45-47]. All Gram-negative bacteria 
have lipopolysaccharides (LPS) in the outer layer of the outer membrane. The LPS consists of 
lipid A, core and O-antigen (Fig. 1.7) [48]. Both the core and O-antigen consist of 
polysaccharide chains and protrude outwards from the membrane surface. The major 
membrane component, lipid A, is a complex molecule consisting primarily of fatty acids and 
phosphate groups bonded to a carbohydrate backbone. The charge on the lipid A molecules is 
negative and the outer membrane leaflet structure is held together in part by the binding of 
divalent cations. Because electrostatic interactions are effective over relatively long distances, 
the charges on the bacterial Gram-negative outer membrane make it an ideal target for binding 
cationic peptides as show in Fig. 1.8 [49]. 
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Fig. 1.7. Schematic structure of lipopolysaccharide (LPS) [48]  
 
 
 
 
 
 
 
 
Fig. 1.8. Mechanism proposed for the transport of antimicrobial peptides across the outer 
membrane of Gram-negative bacteria. The initial recognition involves the negatively charged 
LPS on the outer leaflet and the cationic peptide. Once entered into the periplasmic space, the 
peptide can move to the cytoplasmic membrane [49]  
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Gram-positive bacteria do not have an outer membrane or LPS, but instead they 
framed by a thick peptidoglycan as a component of the surface membrane which is rich in 
teichoic acid. Mutations leading to an increased negative surface charge in this structure also 
lead to an increased sensitivity towards cationic antimicrobial peptides [50], again illustrating 
the importance of electrostatic interactions in their mechanism of action. 
 
The distribution and importance of AMPs within the immune system of crustaceans 
has become increasingly apparent in recent years. Among shrimp AMPs, three main families 
of AMPs have been described and characterized: penaeidins, antilipopolysaccharide factor 
(ALFs), and crustins. 
 
 Penaeidins are members of a special family of antimicrobial peptides existing in 
penaeid shrimp. The first penaeidin was isolated from the hemolymph of the Pacific white 
shrimp Litopenaeus vannamai [51]. To date, penaeidins have been found in L. vannamai, L. 
setiferus [52], L. stylirostris [53], Marsupenaeus japonicus [54], Fenneropenaeus chinensis 
[55] and P. monodon [56-58]. Amino acid sequences of penaeidins have a highly conserved in 
signal peptide sequence but differ dramatically in mature peptides. They are highly cationic 
molecules with an N-terminal domain rich in proline residues and a C-terminal domain 
containing six cysteines [59]. Penaeidins have broad antimicrobial spectrum activities, strong 
activity against Gram-positive bacteria and filamentous fungi and middling activity against 
Gram-negative bacteria [51, 60, 61]. 
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 Antilipopolysaccharide factors (ALFs) are small basic protein that can bind and 
neutralize lipopolysaccharide (LPS) activity by forming a clot [62]. ALFs were originally 
identified from the horseshoe crab Limulus polyphemus [63]. Recently, several ALFs have 
been isolated and characterized from hemocytes in five species of shrimps; F. chinensis 
ALFFc [64], Marsupenaeus japonicus M-ALF [65], P. monodon; ALFPm3 [66], L. setiferus 
[52] and Pacifastacus leniusculus [67]. ALFs have a broad spectrum of activity against Gram-
positive, Gram-negative bacteria and fungi [66]. 
 
Crustins are homologues of 11.5 kDa carcinin that are first isolated from the shore crab 
Carcinus maenas [68]. At persent, the cDNA of crustins have been reported from a variety of 
crustaceans including L. vannamei [69-70], L. setiferus [69], P. monodon [71-72], M. 
japonicus [73], F. chinensis [74], Panulirus argus [75], Homarus gammarus [76], C. maenas 
[77] and Pacifastacus leniusculus [78]. Moreover, many crustin sequences have been reported 
from a variety of decapods, including crab, lobsters and crayfish. Smith et al. (2008) later 
divided crustins into three main types based mainly on the domain structure between the signal 
sequence and the WAP domain as shown in Fig. 1.9 [79]. Crustins are characterized by a C-
terminus of 12 cysteine residues containing whey acidic protein (WAP) domain. The WAP 
domain generally consists of 50 amino acid residues with eight cysteine residues at defined 
positions. They form four intracellular disulphide bonds creating a structure [80]. WAP 
domain has been described in proteins with diverse biological functions such as protease 
inhibitor [81] and antimicrobial activity [82-84]. All crustins have activity against Gram-
positive bacteria [79]. 
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Fig. 1.9. Schematic representation of the domain organization of the three main crustin types 
from decapods. Signal sequence (ss) [79] 
 
Another widely distributed family of antimicrobial peptides within invertebrates are 
defensins which have been found in insects, ticks, spiders, scorpions and mollusks. Defensins 
are compact cationic peptides containing 6-8 cysteine residues at defined positions. They form 
three or four intracellular disulfide bonds creating a tightly packed structure [85]. Defensins 
are active against a wide range of bacteria, fungi as well as some enveloped viruses [86, 87]. 
Recently, defensins are broadly divided into plant, invertebrate and vertebrate defensins. The 
vertebrate defensins can be further classified into three sub-families, the α-defensins, β-
defensins and θ-defnsins, which are distinguished on the basis of the connectivity of their six 
cysteine residues as shown in Fig. 1.10 [88]. In contrast with the classification of the 
vertebrate defensins based on their secondary structure, the classification of the subfamilies 
invertebrate defensins is based on their biological properties, antibacterial versus antifungal 
[44].  
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Fig. 1.10. The α, β and θ defensin bonding archetype. The canonical cysteine spacing for the 
three classes of defensin peptides that have been described to date. (the cysteines (C) involved 
in the disulphide bonds (lines) are indicated) [88] 
 
1.6. Expressed sequenced tags 
 
 The expressed sequence tag (EST) analysis first developed by Adams et al (1991) [89]. 
ESTs, small pieces of DNA sequence (usually 200-500 nucleotide long), are generated by 
sequencing either one or both ends (5’ end or 3’ end) of cDNA clones derived from cDNA 
libraries. The basic procedure of EST is summarized in Fig. 1.11. This tool has been 
successfully used in discovering novel genes and characterizing the gene expression profiles in 
various tissues [90-92]. Moreover, thousands of ESTs can be arrayed on slides to make cDNA 
chips for microarray technique [93-94]. Bulk information analyzed by microarry can elucidate 
gene expression profile during different physiological condition and unknown mechanisms of 
shrimp including the immune system. 
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mRNA 
Construction of the cDNA library 
cDNA 
Determination of the insert lengths of random clones 
Double stranded DNA sequencing from the 5’ or 3’ end 
Nucleotide sequences 
Homology search against the sequence database in the GenBank 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.11. Basic procedure of the cDNA clones tagging 
 
 In the GenBank database, the number of public entries as of August, 2008 is 
54,784,885 (www.ncbi.nlm.nih.gov/dbEST). The number of shrimp and lobster ESTs are 
197,986 (Table 1.2). There are only 29,558 EST sequences of the lobster, Homarus 
americanus, deposited in the Genbank. Because the number of shrimp and lobster ESTs are 
limited about 70% of ESTs from these species were matched with other species, especially the 
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fruit fly, Drosophila melanogaster, which has 573,981 ESTs in the GenBank (Ranked 18th on 
the most number of ESTs submitted) 
 
Table. 1.2. The number ESTs of shrimps and lobster in NCBI database as of August, 2008 
Species Number 
Total number of public entries 54,784,885 
Number of shrimp and lobster ESTs 197,986 
   Litopenaeus vannamei 155,411 
   Homarus americanus 29,558 
   Penaeus monodon 8,398 
   Marsupenaeus japonicus 3,156 
   Litopenaeus setiferus 1,042 
   Litopenaeus stylirostris 416 
   Fenneropenaeus indicus 5 
 
1.7. Objectives of the study 
 
 To successfully culture Japanese spiny lobster, several factors has been improved, 
including environment parameters, nutrition and culture management. But, the production of 
lobsters is still low especially the survival rate from hatching to the juvenile stage [24]. Other 
than the long phyllosomas stage, what affect to the growth of lobster aquaculture is diseases. 
Bacterial diseases were common to other crustaceans including vibrio and chitinoclastic 
bacteria which cause lesions on the tail [95, 96]. Fungal diseases such as Fusarium sp. and 
Legenidium sp. infected on the carapace, gills and larvae [97]. Virus diseases such as PaV1 
were found in greatest concentrations among the smallest juveniles [98, 99]. To improve the 
aquaculture of Japanese spiny lobster, studies of the lobster defense mechanisms at the 
molecular level are important. In the present study, we aim to provide more information of 
immune related genes in different stages, phyllosomas (spiny lobster larvae) and adult, of 
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Japanese spiny lobster using EST analysis approach. We also aim to characterize the 
antimicrobial peptide genes that were isolated from Japanese spiny lobster. 
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CHAPTER 2 
Expressed sequence tag analysis of phyllosomas and hemocytes of  
Japanese spiny lobster Panulirus japonicus 
 
 
 
2.1. Abstract  
 
Two complementary DNA (cDNA) libraries were constructed from phyllosomas and 
hemocytes of adult Japanese spiny lobster Panulirus japonicus and a total of 2,673 expressed 
sequence tags (ESTs) were obtained. After assembly and clustering, 450 and 458 unique 
sequences were found from the phyllosoma and hemocyte cDNA libraries, respectively. Of 
these, 114 and 220 ESTs showed significant homologies with known genes in the National 
Centre for Biotechnology Information (NCBI) database. The remaining sequences were of 
unknown function. Immune-related genes found in this study include lectin, proteinase 
inhibitor, prophenoloxidase, heat-shock protein, antimicrobial peptide, and a few putative 
defense-related proteins. 
 
Keywords: EST, Japanese spiny lobster, phyllosoma, hemocyte, immune-related genes. 
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2.2. Introduction 
 
Japanese spiny lobster, Panulirus japonicus, inhabits shallow coastal waters along the 
western North Pacific including southern Japan, Korea, East China Sea, China, and Taiwan 
[1]. Among the lobsters, the Japanese spiny lobster is the most abundant species [2, 3] and a 
commercially important species in Asian countries [4]. Several studies have examined the 
biology, stock management, and culture of P. japonicus. Larval culture, in particular, has been 
studied for more than two decades [5]. However, survival rate from hatching to the juvenile 
stage remains problematic, and culturing of the spiny lobster in the phyllosoma stages is 
difficult [6]. One of the factors impacting the growth of lobster aquaculture is diseases caused 
by microorganisms [7–10]. Therefore, to improve the aquaculture of Japanese spiny lobster, 
studies of the lobster at the molecular level are important. At present, the number of Japanese 
spiny lobster genes in DNA databases is limited. Hence, this study was done in order to 
increase the DNA sequence information for Japanese spiny lobster to be used later as a 
molecular tool.  
 
Expressed sequence tags (ESTs) are a powerful tool for identifying homologues of 
reported genes and gene expression in tissue or cells [11]. Previous analyses of shrimp ESTs 
have greatly helped to understand shrimp biology [12–14]. Therefore, we used the EST 
method to study the gene profile in different stages of Japanese spiny lobster, focusing on 
immune-related genes. We constructed cDNA libraries from phyllosomas (spiny lobster 
larvae) and hemocytes of adult Japanese spiny lobster. In this paper, we report a total of 2,673 
ESTs generated from two libraries and the result from clustering analysis of the ESTs 
obtained.  
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2.3. Materials and methods  
 
2.3.1. Sampling 
Phyllosomas (1, 53, 57, and 117 days from hatching) were obtained from the Minami-
izu Research Center, Fisheries Research Agency, Japan. The hemolymph was collected from 
an adult lobster using a 1-ml sterile syringe preloaded with 500 µl of an anticoagulant solution 
(10% sodium citrate, w/v). Hemocytes were immediately separated from plasma by 
centrifugation at 13,000 rpm for 10 min at 4°C. Phyllosoma and hemocyte pellets were 
homogenized and subjected to RNA extraction.  
 
2.3.2. cDNA library construction and EST sequencing  
  Total RNA were extracted from phyllosomas and hemocytes using TRIzol 
(Invitrogen) as described in the manufacturer’s protocol. Messenger RNA was subsequently 
purified from total RNA by QuickPrep micro mRNA purification kit (Amersham), reverse 
transcribed, and directionally cloned in the pSPORT1 vector for phyllosoma library and 
λZipLox vector for hemocyte library. The λZipLox vector containing cDNA was subsequently 
converted to the pZL1 plasmid by in vivo excision, as recommended by the manufacturer 
(Life Technologies). Plasmid DNA was extracted and sequenced using reverse M13 primers.  
 
2.3.3. Data and clustering analyses 
 The DNA sequences were screened to remove vector plasmid and ambiguous 
sequences. The sequences were clustered and assembled with the CAP3 program [15]. To 
assign putative function to unique ESTs, the sequences from the phyllosoma and hemocyte 
cDNA libraries were submitted for comparison with all sequences in the nonredundant 
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database at the National Center for Biotechnology Information (NCBI, 
www.ncbi.nlm.nih.gov) using the BLASTX program, which compares translated nucleotide 
sequences with protein sequences, with an e-value cutoff at <10
−4
.  
 
2.4. Results and discussion  
 
2.4.1. General characteristics of phyllosoma and hemocyte ESTs 
 General characteristics of the ESTs generated from cDNA libraries constructed from 
phyllosomas and hemocytes of Japanese spiny lobster are shown in Table 2.1. A total of 1,284 
and 2,105 EST clones were randomly picked from phyllosoma and hemocyte cDNA libraries, 
respectively and one-pass sequenced from the 5′-end. The redundant ESTs, 1,081 phyllosoma 
ESTs and 1,592 hemocyte ESTs, were assembled into contiguous overlapping sequence 
alignments (contigs) and singletons, issued into 450 and 458 clusters, respectively. Clusters of 
phyllosoma varied in size from a single EST (340 cases) to 376 ESTs (1 case) (Fig. 2.1). 
Hemocyte clusters varied from a single EST (291 cases) to 428 ESTs (1 case) (Fig. 2.1). In 
both cDNA libraries, most ESTs were 600 bp in length. cDNA sequences of these ESTs were 
accumulated into the GenBank database at the DNA Data Bank of Japan (DDBJ) with 
accession numbers DC846123–DC847203 (phyllosomas) and DC449036–DC450627 
(hemocytes). 
 
 
 
 
 
 42 
Table 2.1. General characteristics of phyllosoma and haemocyte ESTs 
Characteristic Phyllosoma haemocyte 
Total number of ESTs sequenced 
Total number of ESTs analyzed 
Number of contigs 
Number of singletons 
Number of clusters 
Average EST length (bp) 
Longest EST length (bp) 
Shortest EST length (bp) 
1,284 
1,081  
110 
340 
450 
600 
1,370 
148 
2,105 
1,592 
167 
291 
458 
600 
1,730 
218 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1. Distribution of phyllosoma and haemocyte ESTs by cluster size. 
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2.4.2. Functional groups of phyllosoma and hemocyte ESTs 
 The unique EST sequences from both cDNA libraries were further classified into broad 
functional categories following a previous report (Fig. 2.2) [16]. One hundred forty-five 
phyllosoma ESTs (32.2%) and 248 hemocyte ESTs (54.1%) significantly matched sequences 
in GenBank (Table 2.2). Of these ESTs, 31 phyllosoma ESTs (6.9%) and 28 hemocyte ESTs 
(6.1%) had significant homologies to genes of unidentified (hypothetical) function or similar 
to other cDNAs/DNAs. The remaining 305 phyllosoma ESTs (67.8%) and 210 hemocyte 
ESTs (45.9%) had no hits or had poor similarity (e-values >10
−4
) to genes in the nonredundant 
database. Genes of unknown function accounted for 74.7% and 52% in phyllosomas and 
hemocytes, respectively. These results reflect the limited number of sequences of this species 
in the sequence database. 
 
 
 
 
 
 
 
 
 
Fig. 2.2. Percent of phyllosoma and haemocyte ESTs in various functional groups. 
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Table 2.2. Categories of phyllosoma and haemocyte ESTs through BLASTX searches 
Number of clones (%) 
 
Phyllosoma Haemocyte 
Matches to known gene 
     Lobster/ crayfish 
     Other crustacean 
     Other arthropod 
     Other organisms 
Unknown 
Total sequences 
145 (32.2) 
12 (2.7) 
30 (6.7) 
51 (11.3) 
52 (11.6) 
305 (67.8) 
450 (100.0) 
248 (54.1) 
16 (3.5) 
22 (4.8) 
75 (16.4) 
135 (29.4) 
210 (45.9) 
458 (100.0) 
 
2.4.3. Identification of genes in phyllosoma and haemocyte ESTs 
 A list of genes identified in each category and the redundancy of each identified 
peptide between phyllosoma and hemocyte cDNA libraries are shown in Table 2.3. Ribosomal 
proteins were found to be most abundant in both phyllosoma and hemocyte cDNA libraries. 
These proteins, in conjunction with RNA, make up the ribosomes involved in the process of 
translating RNA into protein whose function is essential for cell growth, proliferation, and 
viability [17, 18]. Genes associated with energy protein were the next most abundant group in 
phyllosoma cDNA library. It is remarkable that the redundant clones of cytochrome c oxidase 
subunits I–II in the phyllosoma cDNA library were higher than in the hemocyte cDNA library, 
suggesting that the expression of these genes correlated with developmental modification. It 
has been reported that the expression of cytochrome c oxidase subunits varied during 
development of insects [19–21].  
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 The deduced peptides involved in defense mechanisms were found in both the 
phyllosoma and hemocyte EST libraries. These putative immune-related genes were classified 
into six functional groups according to predicted function: lectin, proteinase inhibitor, 
prophenoloxidase (proPO) system, heat-shock protein (Hsp), antimicrobial peptide, and 
putative defense-related protein. The putative immune-related genes found in this study are 
listed in Table 2.4. 
 
 The number of immune-related genes in the phyllosoma library was found to be lower 
than the number in the hemocyte library because of the difference in developmental stage and 
tissues that were used to construct the cDNA libraries. Immune genes are known to be 
expressed more in hemocytes than in the whole phyllosoma which has not completely 
developed. Putative genes, such as antimicrobial peptides and genes involved in proPO 
system, which are important in invertebrate defense mechanism [22, 23] were identified from 
the phyllosoma cDNA library. The number of clones of putative antimicrobial peptides were 
higher than those involved in proPO system. Together, our findings suggest that, during the 
immature stage of Japanese spiny lobster, rather than the proPO system, expression of 
antimicrobial peptides especially crustin might play a more important role in host defense 
against pathogens. Similarly, during larval development, giant tiger shrimp have crustins to 
defend against bacteria because the development of proPO was not yet completed [24].  
 
 Five ESTs from these cDNA libraries were identified as involved in the proPO system: 
melanization protease, proPO activating factor, two different serine proteases, and β-1,3-d-
glucan binding protein. Three different serine protease inhibitors (SPIs) including Kunitz-type, 
Kazal-type, and Serpin were found. In arthropods, SPIs play important roles for 
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metamorphosis [25] and in host defense mechanism involving blood coagulation, proPO 
cascades, and selective digestion of various pathogens [26, 27] by regulating proteases activity 
[28]. Kazal-type SPIs were the most abundant immune-related gene in these cDNA libraries, 
revealing the importance of these SPIs to the immune system of Japanese spiny lobster.  
 
 Antimicrobial peptides are part of the innate immune system against invading 
pathogens and are widely distributed in the living organism [22]. Sequences similar to two 
types of antimicrobial peptides were identified. We found four sequences from the phyllosoma 
cDNA library homologous to crustin of Farfantepenaeus paulensis. They contained the whey 
acidic protein (WAP) domain that has been elucidated in proteins with antimicrobial activity 
function [29]. Two sequences, on the other hand, were found to be similar to defensin. 
Although the sequence showed no significant homology (e-value >10
−4
), the deduced amino 
acid sequences of both ESTs were found to contain a 6-cysteine motif, a predominant feature 
in defensin [30]. To our knowledge, this is the first defensin reported in crustacean and is 
currently being analyzed in a separate experiment.  
 
 Lectins, proteins that recognize specific carbohydrates which lead to phagocytosis by 
macrophages and enhance complement-mediated cell lysis, were demonstrated to be an 
important part of innate defense in animals, particularly in invertebrates [31, 32]. Here we 
identified three ESTs from the hemocyte cDNA library whose sequences are homologous to 
hemolectin and C-type lectin. Hemolectin is a multidomain protein, including domains that are 
typically observed in vertebrate and arthropod clotting factors [33]. The other, C-type 
(calcium-dependent) lectins, in shrimp Penaeus monodon, have an opsonic effect in which the 
phagocytic activity of hemocytes is enhanced after bacteria are aggregated [34].  
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 Heat-shock proteins were first identified as stress proteins against physical stresses 
such as elevated temperatures in all cellular organisms [35]. In this study, we found five ESTs 
related to Hsps (Hsp16.1, Hsp70, Hsp90, and Hsp180) from hemocyte cDNA library but none 
in phyllosoma cDNA library. Our result were related with previous reports in Artemia 
franciscana and Omphisa fuscidentalis in which these protein were weakly expressed or 
disappeared during larvae [36, 37].  
 
 In conclusion, we constructed a Japanese spiny lobster EST database from 
phyllosomas and hemocytes. A total of 2,673 EST sequences (1,081 from phyllosoma ESTs 
and 1,592 from hemocyte ESTs) were analyzed. We identified several genes involved in the 
defense mechanism of Japanese spiny lobster, including crustins, defensins, and Kazal-type 
protease inhibitors. In future studies we will examine the functions of these immune-related 
genes.  
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Table 2.3. List of genes identified in the phyllosoma and haemocyte ESTs with BLASTX in the NCBI database 
 
Putative genes Closest species Access. no. of closest species Identities (%) e-value 
Redundancy 
Pa Hb 
Ribosomal proteins       
Ribosomal fusion protein Diaphorina citri ABG81986 119/125 (95%) 5E-64 - 2 
Ribosomal protein L3 Lysiphlebus testaceipes AAX62421 170/220 (77%) 1E-100 - 9 
Ribosomal protein L4 Danio rerio NP_998272 150/197 (76%) 2E-84 - 4  
Ribosomal protein L5 Crassostrea gigas CAD91421 150/189 (79%) 2E-70 - 2 
Ribosomal protein L6 Carabus granulatus CAJ17232 124/198 (62%) 4E-57 2 7 
Ribosomal protein L8 Litopenaeus vannamei ABC48600 203/223 (91%) 4E-121 3 4 
Ribosomal protein L10 Callinectes sapidus AAV71145 199/209 (95%) 1E-116 - 2 
Ribosomal protein L10A Lysiphlebus testaceipes AAX62464 52/65 (80%) 5E-43 1 2 
Ribosomal protein L11 Ixodes scapularis AAY66938 148/176 (84%) 2E-81 1 - 
Ribosomal protein L18 Apis mellifera XP_392565 142/180 (78%) 2E-77 - 2 
Ribosomal protein L19 Meladema coriacea CAJ17304 151/191 (79%) 2E-64 1 3 
Ribosomal protein L21 Apis  mellifera XP_001120360 105/160 (65%) 3E-56 2 8 
Ribosomal protein L23 Epinephelus coioides ABW04138 118/127 (92%) 1E-62 5 5  
Ribosomal protein L24 Argas monolakensis ABI52794 87/106 (82%) 5E-37 1 - 
Ribosomal protein L26 Penaeus monodon AAV74196 121/144 (84%) 1E-60 3 1 
Ribosomal protein L27A Agriotes lineatus CAJ17396 91/121 (75%) 3E-61 2 - 
Ribosomal protein L28 Maconellicoccus hirsutus ABM55579 58/108 (53%) 2E-27 - 4 
Ribosomal protein L29 Homo sapiens EAW65182 35/53 (66%) 8E-16 - 5  
Ribosomal protein L31 Apis mellifera XP_397314 88/123 (71%) 3E-46 1 1 
Ribosomal protein L34 Diaphorina citri ABG81966 75/112 (66%) 4E-37 3 - 
Ribosomal protein L35 Xenopsylla cheopis ABM55466 93/123 (75%) 3E-35 2 7  
Ribosomal protein L36 Branchiostoma belcheri AAN52381 75/99 (75%) 5E-36 1 - 
Ribosomal protein L37 Lysiphlebus testaceipes AAX62444 66/92 (71%) 1E-33 3 3 
Ribosomal protein L39 Ixodes scapularis AAY66991 46/51 (90%) 4E-19 1 4 
Ribosomal protein L44 Georissus sp. CAJ17455 82/104 (78%) 5E-39 - 1 
Ribosomal protein LP1 Argas monolakensis ABI52692 52/67 (77%) 8E-23 2 20 
Ribosomal protein S3 Danio rerio AAQ94564 197/231 (85%) 3E-99 - 1 
Ribosomal protein S5 Dascillus cervinus CAH04316 166/179 (92%) 2E-90 2 1 
Ribosomal protein S6 Glossina morsitans morsitans ABC25102 179/235 (76%) 2E-81 2 - 
Ribosomal protein S7 Argopecten irradians AAN05602 141/189 (74%) 2E-74 3 - 
Ribosomal protein S10 Xenopsylla cheopis ABM55456 111/160 (69%) 5E-55 - 9 
Ribosomal protein S11 Bombyx mori AAU11818 126/152 (82%) 4E-65 1 5 
Ribosomal protein S13 Xenopus tropicalis NP_001016602 132/151 (87%) 2E-71 9 3 
Ribosomal protein S15 Danio rerio NP_001001819 119/141 (84%) 4E-50 1 - 
Ribosomal protein S15A Drosophila melanogaster NP_524709 71/86 (82%) 5E-47 - 2 
Ribosomal protein S18 Macaca mulatta XP_001098730 57/116 (49%) 1E-34 1 2 
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Table 2.3. Continued 
 
Putative genes Closest species Access. no. of closest species Identities (%) e-value 
Redundancy 
Pa Hb 
Ribosomal protein S19 Eucinetus sp. CAJ17209 100/138 (72%) 1E-53 1 5 
Ribosomal protein S20 Solea senegalensis BAF45909 70/78 (89%) 7E-34 3 2 
Ribosomal protein S25 Ixodes scapularis AAY66882 65/78 (83%) 3E-29 - 8 
Ribosomal protein S28 Solea senegalensis BAF45918 45/51 (88%) 5E-19 2 -  
Ribosomal protein S30 Sphaerius sp. CAJ01895 76/131 (58%) 5E-23 1 4 
40S ribosomal protein SA Diaphorina citri ABG81981 164/209 (78%) 2E-93 - 10 
40S ribosomal protein S2 Urechis caupo P49154 202/224 (90%) 5E-107 2 8 
40S ribosomal protein S4 Spodoptera frugiperda Q95V34 192/237 (81%) 1E-103 - 5 
40S ribosomal protein S6 Tribolium castaneum XP_968395 153/178 (85%) 6E-83 - 1 
40S ribosomal protein S12 Branchiostoma belcheri AAL79538 97/125 (77%) 9E-50 1 2 
40S ribosomal protein S14 Procambarus clarkii P48855 138/140 (98%) 9E-64 2 4 
40S ribosomal protein S15 Macaca mulatta XP_001094999 123/149 (82%) 2E-51 - 6 
40S ribosomal protein S23 Dermacentor variabilis Q86FP7 137/143 (95%) 9E-77 3 7 
40S ribosomal protein S28 Sus scrofa AAS55896 46/61 (75%) 5E-19 - 1  
60S acidic ribosomal protein P2 Artemia franciscana ABK91830 36/57 (63%) 1E-11 - 2 
60S ribosomal protein L9 Apis mellifera XP_623506 25/191 (65%) 5E-57 - 1 
60S ribosomal protein L13 Danio rerio AAK63073 125/199 (62%) 2E-42 1 - 
60S ribosomal protein L13A Mytilus edulis ABA46793 139/200 (69%) 9E-73 - 3 
60S ribosomal protein L15 Orconectes limosus Q9XYC2 189/204 (92%) 3E-100 1 5  
60S ribosomal protein L18 Triatoma infestans ABR27953 114/162 (70%) 9E-57 1 - 
60S ribosomal protein L27 Argas monolakensis ABI52762 90/137 (65%) 4E-34 - 3 
Internal/external structure and motility        
Actin D Litopenaeus vannamei AAR82845 212/212 (100%) 3E-120 - 16 
Actin 1 Penaeus monodon AAC78681 138/140 (98%) 4E-75 2 - 
Alpha actin Homarus americanus AAK84871 201/204 (98%) 1E-113 9 - 
Alpha tubulin Aedes aegypti ABF18274 190/197 (96%) 4E-100 - 1 
CAP, adenylate cyclase associated protein 1 Danio rerio NP_956203 85/172 (49%) 9E-37 - 1 
Cuticular protein Tachypleus tridentatus BAE44199 40/96 (41%) 2E-14 2 - 
Cytoplasm protein Cryptococcus neoformans XP_569070 79/200 (39%) 1E-28 - 1 
Cytoplasmic actin Homalodisca coagulata AAT01072 194/194 (100%) 1E-109 - 2 
Fascin Aedes aegypti EAT33922 42/56 (75%) 5E-26 - 1 
Gelsolin Homarus americanus S41391 181/207 (87%) 8E-106 - 1 
Histone H1 Mytilus galloprovincialis AAP94647 46/73 (63%) 8E-17 - 1 
Histone H3 Mus musculus XP_900402 97/100 (97%) 2E-64 - 2 
Lethal 73 Ah Apis mellifera XP_001120353 109/142 (76%) 6E-58 - 1 
Lethal protein 70 Caenorhabditis elegans NP_502065 139/147 (94%) 4E-80 - 1 
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Table 2.3. Continued 
 
Putative genes Closest species Access. no. of closest species Identities (%) e-value 
Redundancy 
Pa Hb 
Microtubule associated protein Aedes aegypti EAT42779 39/115 (33%) 1E-04 - 2 
Myosin S1 heavy chain Homarus americanus AAP59794 144/188 (76%) 1E-56 1 - 
Myosin I light chain Aedes aegypti XP_001655930 91/150 (60%) 3E-42 1 - 
Myosin II essential light chain Tribolium castaneum XP_973734 101/128 (78%) 4E-54 - 1  
Myosin regulatory light chain 2  Maconellicoccus hirsutus ABM55554 153/174 (87%) 4E-84 - 1 
Sop2 protein Bombyx mori NP_001037211 46/83 (55%) 2E-18 - 1 
Spectrin alpha chain Apis mellifera XP_623691 170/207 (82%) 2E-82 - 1 
Talin Strongylocentrotus purpuratus XP_785184 35/62 (56%) 1E-22 - 1 
Transcription factor isoform 2 Gallus gallus XP_001233266 114/157 (72%) 2E-55 - 1 
Trasmembrane protein 16G isoform Strongylocentrotus purpuratus XP_001183868 111/215 (51%) 7E-61 - 1 
Tropomyosin Eriocheir sinensis ABO71783 35/37 (94%) 3E-11 2 - 
Tubulin alpha-1 chain Homarus americanus Q25008 205/206 (99%) 8E-118 - 3 
Gene expression, regulation and protein synthesis      
Elongation factor 1 alpha Litopenaeus stylirostris AAM90311 24/29 (82%) 5E-04 2 3  
Elongation factor 1 beta Ornithodoros parkeri ABR23421 74/140 (52%) 9E-25 2 1 
Elongation factor 1 gamma Procambarus clarkii ABG11961 57/66 (86%) 2E-31 - 2 
Elongation factor 2 Libinia emarginata AAR01298 210/217 (96%) 7E-98 - 2 
Eukaryotic translation initiation factor 2 Aedes aegypti EAT38917 25/33 (75%) 1E-05 - 1 
Eukaryotic translation initiation factor 3 Bombyx mori NP_001040433 117/206 (56%) 7E-64 1 4  
Eukaryotic translation initiation factor 4A Callinectes sapidus ABG67961 161/165 (97%) 1E-79 - 2 
Eukaryotic translation initiation factor 4C Anopheles gambiae AAD47075 85/99 (85%) 1E-42 1 - 
Eukaryotic translation initiation factor 5A Spodoptera exigua AAF13315 90/132 (68%) 1E-47 - 1  
Forkhead box K1 Apis mellifera XP_623740 110/167 (65%) 1E-54 - 1 
PCAF Gallus gallus XP_426001 80/105 (76%) 7E-48 - 1 
Regulator of chromosome condensation  Aedes aegypti EAT38859 27/57 (47%) 2E-08 - 1 
Transport protein Sec61 beta Bombyx mori ABD36352 37/42 (88%) 8E-09 - 1 
Zinc finger nuclear phosphoprotein Xenopus laevis AAB20269 48/143 (33%) 1E-08 - 1 
Zinc finger protein Aedes aegypti EAT37784 28/44 (63%) 4E-09 1 1 
Zinc finger protein 64 isoform 2 Pan troglodytes XP_001169080 26/61 (42%) 3E-15 - 1 
Transport       
Chloride ion current inducer protein Apis mellifera XP_624081 68/145 (46%) 6E-33 - 2 
Electron transfer flavoprotein alpha 
polypeptide Danio rerio XP_689468 40/158 (25%) 4E-05 - 2 
Multiple antibiotic transporter Escherichia coli ZP_00712895 106/106 (100%) 4E-51 - 1 
Phosphate transport system permease protein 
2 Pseudomonas fluorescens YP_351341 138/139 (99%) 7E-60 - 1 
SERCA Ca(2+)-ATPase pump Panulirus argus CAH10336 202/207 (97%) 1E-114 1 - 
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Table 2.3. Continued 
 
Putative genes Closest species Access. no. of closest species Identities (%) e-value 
Redundancy 
Pa Hb 
Sodium/potassium-dependent ATPase sub 
beta-2  Aedes aegypti EAT37221 88/182 (48%) 5E-44 - 2 
Sodium/potassium-transporting ATPase sub 
beta-2 Apis mellifera XP_394381 50/116 (43%) 9E-08 - 2 
Solute carrier family 25 Macaca mulatta XP_001084021 139/195 (71%) 9E-76 - 1 
Cell division/ DNA synthesis, repair and replication       
Ap endonuclease Aedes aegypti XP_001654881 115/175 (65%) 4E-64 1 - 
Chromatin assembly factor 1 sub Apis mellifera XP_624580 208/218 (95%) 3E-122 - 1 
Endonuclease reverse transcriptase Strongylocentrotus purpuratus XP_001179836 34/126 (26%) 9E-12 10 13 
Endonuclease reverse transcriptase-like 
protein Bombyx mori AAQ57129 114/200 (57%) 2E-63 7 1 
Heterogeneous nuclear ribonucleoprotein Aedes aegypti EAT42989 116/167 (69%) 3E-61 - 6 
Nhp2 non-histone chromosome protein 2-
like1 Apis mellifera XP_396907 100/124 (80%) 3E-42 - 1 
Oncoprotein nm23 Ictalurus punctatus AAG14350 113/148 (76%) 8E-63 - 2 
Pre-mRNA processing factor Aedes aegypti EAT39810 75/179 (41%) 3E-16 - 1 
Pre-mRNA splicing factor SF3b 10kDa sub Ixodes scapularis AAY66871 70/85 (82%) 3E-37 - 1 
RNA-directed DNA polymerase Medicago truncatula ABN08628 33/94 (35%) 2E-09 1 -  
RNA polymerase I associated factor 53 
isoform3 Pan troglodytes XP_001169764 45/123 (36%) 5E-12 - 1 
Small nuclear ribonucleoprotein D3 Apis mellifera XP_001120143 83/106 (78%) 5E-35 - 1 
Small nuclear ribonucleoprotein 70K Drosophila melanogaster NP_477205 49/52 (94%) 3E-07 - 1 
Splicing factor u2af large subunit Aedes aegypti EAT45953 82/119 (68%) 5E-30 - 1 
Energy protein        
Arginine kinase Chasmagnathus granulata AAF43438 115/126 (91%) 1E-53 3 2 
ATP synthase E chain Ixodes scapularis AAY66887 42/85 (49%) 1E-15 1 - 
ATP synthase subunit 6 Panulirus japonicus NP_694523 139/155 (89%) 2E-50 - 2  
ATPase subunit 6 Panulirus japonicus BAC16320 110/120 (91%) 8E-41 2 - 
ATP-dependent RNA helicase Aedes aegypti ABF18252 70/75 (93%) 2E-33 - 3 
Cytochrome c oxidase sub I Panulirus japonicus NP_694520 257/280 (91%) 4E-133 22 - 
Cytochrome c oxidase sub II Panulirus japonicus NP_694521 211/228 (92%) 6E-103 15 13 
Cytochrome c oxidase sub III Panulirus japonicus NP_694524 223/249 (89%) 7E-115 4 4 
Cytochrome b Panulirus japonicus NP_694530 351/369 (95%) 2E-161 12 7 
Glutaryl-Coenzyme A dehydrogenase Xenopus tropicalis NP_001016289 171/230 (74%) 5E-99 - 1 
Mitochondria ribosomal protein L21 Drosophila melanogaster NP_649095 64/132 (48%) 1E-29 1 - 
Mitochondria ribosomal protein L55 Drosophila melanogaster NP_650780 43/67 (64%) 2E-17 - 1 
NADH dehydrogenase sub 1 Panulirus japonicus NP_694531 165/174 (94%) 3E-79 1 - 
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NADH dehydrogenase sub 2 Panulirus japonicus NP_694532 110/118 (93%) 8E-45 4 3 
NADH dehydrogenase sub 3 Panulirus japonicus NP_694525 90/94 (95%) 2E-33 2 - 
NADH dehydrogenase sub 4 Panulirus japonicus NP_694527 95/108 (87%) 3E-29 3 - 
NADH dehydrogenase sub 5 Panulirus japonicus NP_694526 236/267 (88%) 6E-112 2 1  
NADP (H)-dependent ketose reductase Bemisia argentifolii AAD02817 113/161 (70%) 1E-65 - 1 
NADH-ubiquinone oxidoreductase Fe-S 
protein 7 Bombyx mori NP_001040456 146/173 (84%) 8E-70 1 - 
Translocase of inner mitochondria membrane Artemia franciscana ABE02255 93/144 (64%) 3E-30 - 2 
Ubiquinol-cytochrome reductase  Homo sapiens NP_037519 25/58 (43) 2E-06 - 2 
Vacuolar ATP synthase 16kDa Nephrops norvegicus Q26250 120/131 (91%) 2E-50 1 - 
Vacuolar ATPase G subunit-like protein Maconellicoccus hirsutus ABM55524 45/75 (60%) 9E-19 - 1 
Signaling and communication       
ADP ribosylation factor isoform B Drosophila melanogaster NP_476955 181/182 (99%) 1E-100 - 3 
ATP binding domain 1 family, member C Homo sapiens AAH31024 56/93 (60%) 3E-36 - 1 
ATP binding protein Homo sapiens BAD96336 31/57 (54%) 2E-12 - 1  
Arrestin Locusta migratoria P32122 96/171 (56%) 3E-79 3 - 
Arrestin2 precursor Dianemobius nigrofasciatus BAF45420 32/49 (65%) 2E-12 1 - 
Barrier to autointegration factor Aedes aegypti EAT39517 61/82 (74%) 1E-30 - 1 
Beta-Ig-H3/ Fasciclin Loktanella vestfoldensis ZP_01001981 63/126 (50%) 7E-24 1 - 
Calcitonin gene-related peptide-receptor  Homo sapiens NP_055293 67/120 (55%) 3E-28 - 3  
Cathepsin L precursor cysteine proteinase 1 Apis mellifera XP_625135 104/154 (67%) 1E-54 - 1 
CHK1 checkpoint homolog Xenopus tropicalis CAJ83813 36/45 (80%) 6E-12 1 - 
Compound eye opsin BCRH2 Hemigrapsus sanguineus Q25158 19/22 (86%) 3E-10 1 -  
Endothelial precursor protein B9 Mus musculus AAH08113 98/160 (61%) 1E-55 - 1 
Fasciclin-1 precursor Schistocerca americana P10675 28/63 (44%) 3E-07 2 - 
Fibrinogen related protein 12.1 precursor Biomphalaria glabrata AAO59918 32/55 (58%) 2E-11 1 - 
G-protein-coupled receptor Aedes aegypti EAT47271 61/194 (31%) 1E-13 - 1 
G-protein isoform C Apis mellifera XP_001120257 43/64 (67%) 3E-18 - 1 
Gabarap protein Branchiostoma belcheri  AAT27387 113/116 (97%) 2E-61 - 3 
JARID1A variant protein Homo sapiens BAE06081 88/189 (46%) 5E-37 1 - 
N-myc downstream regulated Aedes aegypti EAT42265 91/197 (46%) 3E-39 - 1 
Ninjurin a  Aedes aegypti EAT44964 33/98 (33%) 6E-08 - 3 
Pol-like protein Biomphalaria glabrata ABN58714 55/160 (34%) 2E-07 1 1 
Poly A binding protein, cytoplasmic1 
isoform1 Apis mellifera XP_396057 119/157 (75%) 1E-49 - 1 
 
 
52
Table 2.3. Continued 
 
Putative genes Closest species Access. no. of closest species Identities (%) evalue 
Redundancy 
Pa Hb 
Prolipoprotein signal peptidase Shigella sonnei YP_309064 109/110 (99) 9E-66 1 - 
RAB, member of RAS oncogene family 5 Apis mellifera XP_395948 62/211 (29%) 1E-13 - 3 
Ras-related GTP binding protein Bombyx mori ABF51520 85/114 (74%) 5E-45 - 1 
Ras suppressor-1 Apis mellifera XP_395612 154/222 (69%) 3E-66 - 2  
Receptor expression-enhancing protein 5 Pongo pygmaeus Q5RE33 99/172 (57%) 1E-55 - 1 
Receptor for activated protein kinase C-like Lepeophtheirus salmonis ABU41071 197/227 (86%) 6E-117 2 - 
Rhodopsin Litopenaeus vannamei ABH00987 161/192 (83%) 7E-96 1 - 
RNA binding motif protein 6 isoform a Rattus norvegicus XP_236624 31/47 (65%) 1E-10 - 1 
Salivary selenoprotein M precursor Ixodes scapularis AAY66722 62/122 (50%) 7E-25 - 2 
Superoxide dismutase like protein Marsupenaeus japonicus BAB85211 124/195 (77%) 8E-59 - 2 
Triple functional domain Aedes aegypti EAT47516 130/207 (62%) 1E-71 - 1 
Trombospondin type-1  Ornithorhynchus anatinus XP_001510866 33/98 (33%) 9E-09 1 - 
Troponin C Pontastacus leptodactylus P06708 131/150 (87%) 4E-51 1 - 
14-3-3 like protein Penaeus monodon AAY56092 194/202 (96%) 1E-103 - 1  
67 KD laminin receptor Pinctada fucata ABO10190 169/209 (80%) 4E-93 2 - 
Metabolism       
Abhydrolase domain-containing protein 14B Pongo pygmaeus Q5R816 48/121 (39%) 3E-16 - 1 
Acyl-CoA oxidase Saccharopolyspora erythraea YP_001107648 68/172 (39%) 2E-18 1 - 
Arginase type Ib Oncorhynchus mykiss DAA01448 85/181 (46%) 1E-36 - 1  
Arylsulfatase-activating protein aslB Escherichia coli ZP_03001363 180/184 (97%) 4E-106 2 - 
CG10527-like methyltransferase Mesobuthus gibbosus CAE53480 56/117 (47%) 4E-25 - 1 
Cytosolic 5’-nucleotidase III Gallus gallus Q5ZID6 30/57 (52%) 6E-10 - 1  
Deoxyhypusine hydroxylase Deoxyhypusine monooxygenase Q7ZUX6 76/132 (57%) 9E-38 1 - 
Dihydrouridine synthase 3-like protein Gallus gallus XP_425899 153/216 (70%) 1E-83 - 1 
Dual 3’,5-cyclic-AMP and–GMP 
phosphodiesterase  Drosophila melanogaster Q9VJ79 60/91 (65%) 7E-30 - 2 
Fructose 1,6-bisphosphate aldolase Antheraea yamamai BAD12426 141/174 (81%) 3E-77 4 4 
Glutathione S-transferase M Danio rerio NP_997841 113/213 (53%) 3E-63 - 1 
Glyceraldehyde-3-phosphate dehydrogenase Procambarus clarkii BAC77082 188/197 (95%) 8E-121 - 2 
Glycogen phosphorylase isoform 2 Apis mellifera XP_623386 103/139 (74%) 4E-60 - 1 
HIU hydrolase Strongylocentrotus purpuratus XP_793771 68/142 (47%) 5E-33 - 1 
Hydrolase Escherichia coli NP_416693 133/139 (95%) 6E-63 1 - 
Low molecular weight protein-tyrosine-
phosphatase  Aedes aegypti EAT45568 20/36 (55%) 4E-08 - 1 
Methyltransferase 10 domain containing  Mus musculus CAI24251 91/184 (49%) 3E-42 - 1 
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mRNA cap guanine-N7 methyltransferase Drosophila melanogaster Q9VJQ4 64/119 (53%) 2E-35 - 1 
Nascent polypeptide associated complex 
protein Apis mellifera XP_623555 119/154 (77%) 3E-52 - 2 
Phosphotransferase  Pseudomonas fluorescens YP_259734 133/146 (91%) 3E-73 - 1 
Proteasome subunit beta type 2 Tribolium castaneum XP_967917 108/193 (55%) 1E-61 - 1  
Protein kinase chk2 Rattus norvegicus NP_446129 75/208 (36%) 8E-28 - 1 
Pyruvate dehydrogenase Aedes aegypti EAT44269 172/202 (85%) 3E-89 - 1 
Ribophorin II Strongylocentrotus purpuratus XP_783899 82/222 (36%) 6E-28 - 1 
Selenium dependent salivary glutathione 
peroxidase Ixodes scapularis AAY66814 103/211 (48%) 6E-47 1 4 
Serine hydroxymethyltransferase 2 isoform 7 Macaca mulatta XP_001115869 177/222 (79%) 6E-93 - 1 
Succinate semialdehyde dehydrogenase Aedes aegypti EAT43905 101/167 (60%) 2E-50 - 1 
Succinyl-coa synthetase deta chain Aedes aegypti EAT42974 147/220 (66%) 8E-82 - 1 
Sulfotransferase Bombyx mori BAF37537 51/179 (28%) 7E-15 - 3 
Trypsin Litopenaeus vannamei CAA75311 210/263 (79%) 5E-128 7 - 
Ubiquitin Portunus pelagicus ABM74399 150/154 (97%) 9E-62 1 1  
26S proteasome non-ATPase regulatory 
sub14 Rattus norvegicus XP_001059730 44/52 (84%) 1E-17 - 1 
Miscellaneous function       
Allergen tropomyosin Portunus sanguinolentus ABL89183 22/30 (73%) 9E-05 - 1 
CGMP-dependent protein kinase foraging Apis mellifera NP_001011581 66/83 (79%) 3E-28 - 1 
Crystallin, gamma S Danio rerio XP_695379 66/183 (36%) 2E-22 - 1  
Cystatin-A Rattus norvegicus NP_001099346 33/78 (42%) 1E-12 2 - 
GTF2IRD2 beta isofrom 3 Pan troglodytes XP_001153190 98/201 (48%) 6E-48 - 1 
HIG1 domain family member 2A Aedes aegypti EAT44199 46/103 (44%) 1E-16 - 1  
Immediate early response 5-like  Bos taurus XP_001250148 27/48 (56%) 1E-05 - 1 
Karyopherin (importin) alpha2 Xenopus tropicalis CAJ81486 63/102 (61%) 4E-26 - 2 
PKG Strongylocentrotus purpuratus XP_790011 89/135 (65%) 4E-53 - 1 
Proliferation-associated protein1 isoform1 Strongylocentrotus purpuratus XP_780193 25/49 (51%) 2E-05 - 1 
Sarcalumenin isoform 1 Danio rerio XP_685462 128/162 (79%) 3E-71 - 1 
Senescence-associated protein Pisum sativum BAB33421 76/115 (66%) 3E-38 - 5 
Tetraspanin family protein Strongylocentrotus purpuratus XP_800780 50/122 (40%) 1E-15 - 1 
Trithorax protein ash2 Aedes aegypti EAT44927 117/226 (51%) 1E-55 - 1 
Ubiquitin conjugating enzyme E2 Bombyx mori NP_001040393 135/150 (90%) 6E-74 - 1 
Viral A-type inclusion protein Trichomonas vaginalis EAY18778 38/168 (22%) 6E-04 - 1 
Voltage dependent anion channel 2 Gallus gallus NP_990072 114/184 (61%) 1E-64 - 2 
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Unidentified function protein       
AC1147 Rattus norvegicus AAP78751 83/125 (66%) 9E-29 2 - 
AGAP011504-PA Anopheles gambiae XP_317795 62/99 (62%) 6E-09 1 - 
CG1572-PA Apis mellifera XP_001122418 60/139 (43%) 1E-15 - 1  
CG5412-PA Drosophila melanogaster NP_650895 70/168 (41%) 4E-26 - 1 
CG5871-PA Apis mellifera XP_395374 86/150 (57%) 2E-50 - 1 
CG7104-PA Tribolium castaneum XP_970677 133/214 (62%) 1E-72 - 1 
CG8495 Drosophila melanogaster NP_649946 45/55 (81%) 2E-21 1 - 
CG8680-PA Apis mellifera XP_395789 52/97 (53%) 3E-27 2 - 
CG10751-PA Apis mellifera XP_001120569 64/78 (82%) 1E-30 1 - 
CG12225-PA Tribolium castaneum XP_967189 40/114 (35%) 3E-06 - 1 
CG17342-PA Apis mellifera XP_395927 130/189 (68%) 5E-70 1 - 
CG18619-PA Aedes aegypti EAT40848 58/81 (71%) 2E-24 - 5 
CG30390-PA Apis mellifera XP_392238 28/82 (34%) 2E-05 - 1  
CG3937-PD Nasonia vitripennis XP_001607090 120/202 (59%) 3E-60 1 - 
ENSANGP00000011865 Nasonia vitripennis XP_001605094 110/158 (69%) 2E-60 1 - 
GA15829-PA Drosophila pseudoobscura EAL25621 40/80 (50%) 1E-15 - 1 
GA20198-PA Drosophila pseudoobscura EAL33477 73/178 (41%) 8E-32 - 1 
GF18063 Drosophila ananassae XP_001954020 78/127 (61%) 2E-41 1 -  
GK14210 Drosophila willistoni XP_002073640 103/172 (59%) 2E-61 1 - 
hCG23722 Homo sapiens EAX00648 28/36 (77%) 5E-09 - 2 
Hypothetical protein AaeL_AAEL007444 Aedes aegypti XP_001652759 58/81 (71%) 2E-24 2 -  
Hypothetical protein AaeL_AAEL010907 Aedes aegypti XP_001661142 70/112 (62%) 4E-36 2 - 
Hypothetical protein AaeL_AAEL013167 Aedes aegypti XP_001663347 119/136 (87%) 3E-70 1 - 
Hypothetical protein B14911_03489 Bacillus sp ZP_01168655 26/93 (27%) 9E-04 - 1 
Hypothetical protein CBG04262 Caenorhabditis briggsae CAE60620 65/178 (36%) 8E-21 - 4 
Hypothetical protein CBG17043 Caenorhabditis briggsae CAE70459 34/52 (65%) 9E-15 - 1 
Hypothetical protein CNBF3210 Cryptococcus neoformans XP_774641 39/121 (32%) 3E-10 1 - 
Hypothetical protein LOC394920 Xenopus tropicalis NP_989301 184/224 (82%) 6E-105 - 6 
Hypothetical protein LOC398649 Xenopus laevis NP_001082679 124/169 (73%) 4E-68 2 - 
Hypothetical protein LOC495968 Xenopus laevis NP_001088704 99/188 (52%) 7E-50 1 - 
Hypothetical protein LOC496416 Xenopus tropicalis NP_001011007 69/112 (61%) 3E-38 - 2 
Hypothetical protein LOC496686 Xenopus tropicalis NP_001011243 91/117 (77%) 5E-46 - 2 
Hypothetical protein LOC541327 Bos taurus XP_001255783 108/123 (87%) 1E-55 - 4 
Hypothetical protein LOC549181 Xenopus tropicalis AAI18703 30/61 (49%) 7E-09 - 1 
Hypothetical protein LOC549921 Xenopus tropicalis NP_001017167 36/57 (63%) 5E-16 - 2 
Hypothetical protein LOC10001632 Tetraodon nigroviridis CAF92057 101/165 (61%) 6E-55 - 2 
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Hypothetical protein LOC100050689 Gallus gallus NP_001006405 137/176 (77%) 3E-64 - 3 
Hypothetical protein LOC100081625 Ornithorhynchus anatinus XP_001512389 33/49 (67%) 1E-10 1 - 
Hypothetical protein LOC100134576 Homo sapiens XP_001714777 18/37 (48%) 7E-07 - 1 
Hypothetical protein LOC100149262 Danio rerio XP_001922258 24/67 (35%) 3E-05 - 1  
Hypothetical protein lpp2903 Legionella pneumophila YP_125205 43/122 (35%) 6E-07 - 1 
Hypothetical protein MGG_10827 Magnaporthe grisea XP_360515 36/67 (53%) 1E-11 1 - 
Hypothetical protein PC405185.00.0 Plasmodium chabaudi XP_734312 27/67 (40%) 8E-12 1 - 
Hypothetical protein PF14_0404 Plasmodium falciparum XP_001348578 34/109 (31%) 2E-07 1 - 
Hypothetical protein S0667 Shigella flexneri AAP16152 52/55 (94%) 3E-23 2 - 
Hypothetical protein TTHERM_02641280 Tetrahymena thermophila XP_001028186 54/136 (39%) 7E-12 3 - 
Loctation elevated 1 Apis mellifera XP_624398 86/171 (50%) 1E-40 - 1 
MGC81430 Xenopus laevis NP_001085356 123/192 (64%) 5E-69 1 - 
SJCHGC09076 Schistosoma japonicum AAW26562 38/70 (54%) 4E-06 - 2 
Unnamed protein product Tetraodon nigroviridis CAG12634 36/76 (47%) 3E-14 1 -  
Unnamed protein product Tetraodon nigroviridis CAF93733 62/144 (43%) 6E-24 4 - 
Unnamed protein product Tetraodon nigroviridis CAF96962 82/130 (63%) 5E-44 2 - 
Unnamed protein product Tetraodon nigroviridis CAG09398 48/60 (80%) 8E-20 1 - 
Unnamed protein product Tetraodon nigroviridis CAF89534 60/189 (31%) 3E-14 1 - 
Unnamed protein product Tetraodon nigroviridis CAF99021 54/137 (39%) 5E-18 - 1  
 
cGMP cyclic guanosine monophosphate; NADP nicotinamide adenine dinucleotide phosphate; NADH nicotinamide adenine dinucleotide dehydrogenase; PCAF P300/CBP-associated factor 
aP, phyllosoma cDNA library 
bH, hemacyte cDNA library 
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Lectin       
C-type lectin Coturnix japonicus BAC82506 43/153 (28%) 5E-09 - 1 
Hemolectin Drosophila melanogaster NP_524060 55/166 (33%) 2E-17 - 2 
Proteinase inhibitor        
Haemocyte kazal-type protease inhibitor Penaeus monodon AAP92779 69/171 (40%) 6E-27 1 - 
Hepatopancreas kazal-type protease inhibitor Penaeus monodon AAP92780 109/259 (42%) 2E-46 - 4 
Kunitz protease inhibitor Bitis gabonica AAR24526 32/54 (59%) 1E-14 - 2 
Serpin Bombyx mori NP_001103823 54/175 (30%) 1E-08 - 1 
ProPO system       
β-1,3-D-glucan binding protein Pacifastacus leniusculus CAA56703 65/136 (47%) 2E-29 1 - 
Melanization protease Drosophila melanogaster NP_649450 25/56 (44%) 3E-05 - 1 
Prophenoloxidase activating factor   Penaeus monodon ABE03741 94/146 (64%) 7E-48 1 - 
Serine protease Penaeus monodon AAQ93679 73/112 (65%) 3E-45 1 1 
Heat shock protein        
Heat shock protein 16.1 Caenorhabditis elegans NP_505354 38/124 (30%) 6E-07 - 1 
Heat shock protein 70 Homarus americanus ABA02165 140/166 (84%) 4E-72 - 2 
Heat shock protein 90 Chiromantes haematocheir AAS19788 168/173 (97%) 8E-91 - 1 
Heat shock protein 108 Gallus gallus AAK69350 61/116 (52%) 8E-30 - 1 
Antimicrobial peptide        
β-defensin Gallus gallus NP_001001610 15/37 (40%) 5.6 - 2 
Crustin Farfantepenaeus paulensis ABM63361 33/50 (66%) 6E-24 4 - 
Putative defense related protein        
 β-thymosin Dermacentor variabilis AAO92284 28/46 (60%) 9E-07 - 1 
Cyclophilin A Artemia franciscana ABN13586 129/163 (79%) 1E-64 1 1 
Ferritin Bombyx mori NP_001037584 30/84 (35%) 6E-05 1 1 
FK506-binding protein Suberites ficus CAG25527 39/49 (79%) 3E-34 - 1 
Interferon stimulated gene 12 Danio rerio NP_001007134 51/84 (60%) 2E-16 - 1 
Profilin Branchiostoma belcheri Q8T938 47/119 (39%) 4E-20 - 1 
Thymosin isoform 2 Bombyx mori ABF51487 66/128 (51%) 9E-27 - 1 
Translationally controlled tumor protein Fenneropenaeus merguiensis AAV84282 134/168 (79%) 2E-73 - 1 
Tubulointerstitial nephritis antigen   Mus musculus BAC76038 101/229 (44%) 7E-51 - 2 
Total     10 29 
aP, phyllosoma cDNA library 
bH, hemacyte cDNA library 
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CHAPTER 3 
Characterization of two isoforms of Japanese spiny lobster              
Panulirus japonicus defensin cDNA 
 
 
3.1. Abstract 
 
 Antimicrobial peptides (AMPs) are components of the innate immune responses that 
form the first line of host defense against pathogens. In this study, cDNAs of two new 
isoforms of defensin (designated PJD1 and PJD2) from a Japanese spiny lobster Panulirus 
japonicus haemocytes cDNA library were cloned and sequenced. PJD1 and PJD2 consist of 
656 and 673 nucleotides encoding putative proteins of 66 and 64 amino acids, respectively. 
The isoforms share 74.2% amino acid identity. In a phylogenetic analysis, the peptides 
clustered with vertebrate defensins and were closely mostly related to chicken β-defensin. 
PJD1 and PJD2 were detected in all tissues examined including heart, nerves, intestine, 
hemocytes, gills and hepatopancreas. 
 
Keywords: Antimicrobial peptide; Defensin; β-Defensin; Six-cysteine motif; Innate 
immunity; Japanese spiny lobster; Panulirus japonicus; Phyllosoma 
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3.2. Introduction 
 
  Japanese spiny lobster, Panulirus japonicus, is a crustacean belonging to the family 
Palinuridae. Japanese spiny lobster, like other invertebrates, lacks an acquired immune system, 
and as a consequence must rely mainly on innate immunity which is mediated by cellular and 
humoral immune responses. A major mechanism of the humoral immune response is the 
release of antimicrobial peptides (AMPs). AMPs act as the first line of defense against 
pathogens [1]. Defensins are cationic AMPs having broad-spectrum antimicrobial activities 
against a variety of microorganisms: Gram-negative and Gram-positive bacteria, many fungi, 
as well as some enveloped viruses [2-4]. Defensins exert their antibacterial effect by 
permeabilizing the cytoplasmic membrane of the target microorganism [5, 6]. Defensins have 
been identified in various species and to date, over 300 defensin sequences have been reported 
(http://defensins.bii.a-star.edu.sg/). They are characterized by the presence of 6–8 conserved 
cysteines residues [7]. Defensins are broadly divided into plant, invertebrate and vertebrate 
defensins [8-10]. Vertebrate defensins are further classified into three sub-families: α, β and θ 
defensins [11]. 
 
 To date, crustaceans have been reported to have several AMPs, including crustin, 
penaeidin and lysozyme [12-15]. However, defensins, which are the most widespread family 
of invertebrate AMPs [10, 16], have not yet been reported in crustaceans. In this study, we 
identified two defensin isoforms from haemocytes of Japanese spiny lobster and investigated 
their expression profiles. 
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3.3. Materials and methods 
 
3.3.1.  Isolation and characterization of two isoforms of Japanese spiny lobster defensin 
cDNA 
 Two contigs encoding a homologue of a six-cysteine defensin motif from our 
previously obtained expressed sequences tags (ESTs) from a Japanese spiny lobster hemocyte 
cDNA library [17]. Thus, two isoforms of Japanese spiny lobster defensin (PJD1 and PJD2) 
cDNA were isolated from a Japanese spiny lobster hemocyte cDNA library by designing 
primers based on the nucleotide defensin EST sequences. PCR products were ligated into a 
pGEM-T Easy Vector (Promega) and transformed into Escherichia coli strain JM109. Positive 
clones were screened using PCR. Plasmids from positive clones were sequenced and 
subsequently analyzed in silico. 
 
3.3.2.  Expression analysis by RT-PCR and real-time PCR 
 Total RNA was extracted from heart, nerves, intestine, hemocytes, gills and 
hepatopancreas of adult Japanese spiny lobster. First strand cDNA was synthesized from 2 µg 
of the total RNA using Moloney murine leukemia virus reverse transcriptase (MMLV; 
Invitrogen Corp., Carlsbad, CA, USA). RT-PCR was performed to analyze the expression 
patterns of PJD1 and PJD2 using specific primers (Table 3.1). Elongation factor 1 alpha 
(EF1α) was amplified as an internal control. One microlitre of the first strand cDNA was used 
as the template in the PCR amplification. The PCR reaction was conducted with the initial 
predenaturation step at 95 °C for 5 min following by 30 cycles of denaturing at 95 °C for 30 s, 
annealing at 60 °C for 30 s and extension at 72 °C for 30 s, and the final extension step at 72 
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°C for 5 min. Ten microlitres of the amplification products were visualized in a 1.5% agarose 
gel containing ethidium bromide by electrophoresis. 
 
  The expression of PJD1 and PJD2 transcripts were examined in two apparently 
healthy phyllosomas and in eight phyllosomas with an unknown bacterial disease by 
quantitative real-time PCR. Symptoms of the latter included cloudiness of the mid-gut gland 
and hind-gut, and complication in molting. The primers were designed with ABI Primer 
Express Software version 3.0 (Applied Biosystems, Foster City, CA, USA) and are shown in 
Table 3.1. Quantitative real-time PCR assays were performed in 20 µl reaction volumes 
consisting of 5 µl template cDNA (2 µg/ml), 0.4 µl of both forward and reverse primers (10 
pM), 10 µl Power SYBR Green Master Mix (Applied Biosystems) and 4.2 µl distilled water. 
All reactions were done in triplicate. Real-time PCR analysis was performed on an ABI7300 
Real-time PCR system (Applied Biosystems) following the manufacturer's protocol. The 
thermal profile for SYBR green real-time PCR was 50 °C for 2 min and 95 °C for 10 min, 
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Copy numbers of each cDNA 
were determined from a standard curve of cDNA samples of known concentration using 
Avogadro's number. Separate standard curves were run for each PCR reaction. 
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Table 3.1. Sequences of the primers used in this study 
 
Primer Sequence (5’-3’) Note 
PJD1-F 
PJD1-R 
PJD2-F 
PJD2-R  
EF1α-F 
EF1α-R 
PJD1-F 
PJD1-R 
PJD2-F 
PJD2-R  
EF1α-F 
EF1α-R 
GATGCTGATGCTGCTGGTGT 
GCTAAACAGGTCAAGGTCCT 
GAACCAGAACCTTCTTACATCC 
GCGTACGAGAACACTACACT 
GGCATTGACAAGCGTACCAT 
TCATCGAAACGATCCCTCGA 
TGGTGGCGGCGACTTTAG 
TGGAACCGCAATCATTGAAGTA 
TGGTGGCGGCGACTTTAG 
GGTACGGCAATCAAGGATGTAAG 
TGGGTGTTGGACAAGCTGAA 
CCAGAGAGCAATGTCGATGGT 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
RT-PCR 
Real-time PCR 
Real-time PCR 
Real-time PCR 
Real-time PCR 
Real-time PCR 
Real-time PCR 
 
 
3.4. Results and discussion  
 
3.4.1. Characterization of two defensins cDNA from Japanese spiny lobster hemocytes 
 The full-length cDNAs of PJD1 and PJD2 (GenBank accession numbers FJ205395 and 
FJ205396, respectively) consisted of 656 and 673 nucleotides containing 201 and 195 
nucleotides in the open reading frames (ORFs), respectively (Fig. 3.1A and B). Both isoforms 
had a typical polyadenylation signal (AATAAA) 14 nucleotides upstream of the poly (A) tail. 
Using the PortParam tool (http://ca.expasy.org/tools), we found that the ORFs of PJD1 and 
PJD2 encoded putative proteins of 66 and 64 amino acid residues with calculated molecular 
weights of 7.18 and 6.77 kDa and predicted isoelectric points (pIs) of 8.61 and 8.27, 
respectively. The amino acid identity between PJD1 and PJD2 was 74.2% (Fig. 3.2). PJD1 and 
PJD2 also showed the presence of an overall net positive charge of +3 and +2, respectively, 
which are characteristics of small cationic antimicrobial peptides [1].  
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A. PJD1 
     
  CCACGCGTCCGGTCAGCCAACCCTCCAGTTATACCACAAGTGTTCTTCAGGGATGAAGAC 60 
                                                      M  K  T  
  GAAGGCCATTGTGATGCTGATGCTGCTGGTGTTGGTGGCGGCGACTTTAGTGCAAGGTGA 120 
   K  A  I  V  M  L  M  L  L  V  L  V  A  A  T  L  V  Q  G  E  
  ACCAGAACCTTCTTACTTCAATGATTGCGGTTCCAATGGTGGCTCTTGTACGAGAGGCTA 180 
   P  E  P  S  Y  F  N  D  C  G  S  N  G  G  S  C  T  R  G  Y  
  TTGTTCTTATAGCAATAGACTCCCTTATACATGCTCTCTTGGCAGAACATGTTGCCGCCT 240 
   C  S  Y  S  N  R  L  P  Y  T  C  S  L  G  R  T  C  C  R  L  
  TGCCTATGTTTAGGGTTACAAGGAACAAGCTGAATGAGCCAGGATGACCCCAAGATCTAC 300 
   A  Y  V  *   
  TGGGACATAACTTCTCTAGCTTGTGATCATCAAGTTTCAGGTCATGAAGCTCCAGGTGAT 360 
  CTCTAGTGCGAGGGAACATTACTTCTTCATGATGAAGATCACAAGGAAAGTATTGGACGC 420 
  CAACACTCTTGGCTCATTCGCTCGGCACAGTTGATTCCCACCGATGACGATCATGGACAG 480 
  CGTTTTTGATCAAGGACCTTGACCTGTTTAGCATTAATCTAAGATTCATGTTGCTCTTAT 540 
  GTAGTTCCAATTAGTGTAGTGTTCTCGTACGCCCCTGAGGAAGAAATCTAAACTGCTTGT 600 
  AATCTCTCGGTCAAAAGCTTCTTAATAAAACTGCTTTCTTTGCAAAAAAAAAAAAA  656 
 
 
 
 
B. PJD2 
 
  AGCCAACCCTCCAGTTATACCACAAGTGTTCGTCAGAGATGAAGACGAAGGCCATTGTGA 60 
                                        M  K  T  K  A  I  V  M 
  TGCTGATGCTGCTGGTGTTGGTGGCGGCGACTTTAGTGCAAGGTGAACCAGAACCTTCTT 120 
    L  M  L  L  V  L  V  A  A  T  L  V  Q  G  E  P  E  P  S  Y 
  ACATCCTTGATTGCCGTACCAACGGTGGCCGTTGTGTGACGGGCTATTGTTCTAATACCC 180 
    I  L  D  C  R  T  N  G  G  R  C  V  T  G  Y  C  S  N  T  L 
  TCCCTTATAGTTGCGGTGGTGGCGCAATCTGTTGCCGCCATGCCTATGGTTAGGGTTACA 240 
    P  Y  S  C  G  G  G  A  I  C  C  R  H  A  Y  G  *         
  AGCAACAAGCTGAATGAGCCAGGATGACCCCAAGATCTACTGGGACATAACTTCTCCAGC 300 
  TTGTGATCATTAAGTTTCAGGTCATTAAGTTCCAGGTGATCTCTAGTGCGAGGGAACATT 360 
  ACCTCTTCATGCTGAAGATCACAAGGAAAGTATTGGACGCCAACACTCTTGGCTCATTCG 420 
  CTCGGCACAGTTGATTCCCACCGATGACGATCATGGACAGCGTTTTTGATCAAGGACCTT 480 
  GATCTGTTAAGCATTAACCTAAGATTCATGTTGCTCTTATGTAGTTCCAATTAGTGTAGT 540 
  GTTCTCGTACGCCCCTGAGGAAGAAATCTAAACTGCTTGTAATCTTTCGGTCAAAAGCTT 600 
  CTTAATAAAACTATCTTCTTTGCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 660 
  AAAAAAAAAAAAA         673 
 
  
                 
Fig. 3.1. Complete nucleotide and amino acid sequences of PJD1 (A) and PJD2 (B). The  
underlined amino acid residues indicate a putative signal peptide. Asterisks indicate the stop 
codon while polyadenylation signals are in bold and italic. 
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The SMART program predicted that PJD1 and PJD2 both contained an N-terminal 
signal peptide and a C-terminal β-defensin domain. Using SignalP 3.0 
(http://www.cbs.dtu.dk/servics/SignalP), it was revealed that the predicted cleavage site was 
between VQG and EPE in both isoforms. In the 44-residue mature peptides, only 27 of the 
amino acids were identical. The identity in the mature peptides was 61.4%. 
 
 
                                                  
PJD1  MKTKAIVMLMLLVLVAATLVQGEPEPSYFNDCGSNGGSCTRGYCSYSNRLPYTCSLGRTCCRLAYV  
PJD2  MKTKAIVMLMLLVLVAATLVQGEPEPSYILDCRTNGGRCVTGYCS-—NTLPYSCGGGAICCRHAYG  
                                     1      2    3         4     56 
 
 
Fig. 3.2. Alignment of PJD1 and PJD2 amino acid sequences, cysteine residues (1-6) are in 
black boxes and identical residues are shadowed. 
 
 The amino acid sequences of PJD1 and PJD2 were aligned with defensins from 
invertebrate and vertebrate defensins available in GenBank. PJD1 and PJD2 were not 
conserved among invertebrates defensins, but showed well conserved six cysteines residues 
with the β-defensins sequences from vertebrates species, especially with chicken β-defensins 
as shown in Fig. 3.3. CLUSTALW alignments show that the deduced amino acid sequences of 
PJD1 and PJD2 shared 27–31% identity with β-defensin 4 prepropeptide from chicken (Gallus 
gallus) (GenBank accession no. NP_001001610), 21–25% identity with β-defensin 
prepropeptide from turkey (Meleagris gallopavo) (GenBank accession no. AAG09213), and 
18–21% identity with β-defensin prepropeptide from G. gallus (GenBank accession no. 
AAG09212). This result is also observed by examining the phylogenetic tree in range of the 
invertebrate and vertebrate defensins constructed using the neighbour-joining method with the 
molecular evolutionary genetic analysis (MEGA 4) software. A bootstrap value of 1000 times 
Signal peptide Mature peptide 
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was used (Fig. 3.4). The tree could be divided into two major groups based on their cysteine 
residues pattern. The first group consists of invertebrate defensins having this six-cysteine 
pattern: C-X5–16–C-X3–C-X9–10–C-X4–7–C-X1–C [7]. The second group consists of 
vertebrate defensins belonging to the β-defensin sub-family which has a C-X4–8–C-X3–5–C-
X9–13–C-X4–7–C–C cysteine pattern [7]. In invertebrate defensins, the disulfide linkages are 
found between cysteine residues 1–4, 2–5, and 3–6, whereas in β-defensins, the disulfide 
bonds are between cysteine residues 1–5, 2–4, and 3–6 [18]. PJD1 and PJD2 appear to cluster 
with the second group and branched together with chicken β-defensins. Furthermore, these 
homologues shared the characteristic features of β-defensins. In PJD1 and PJD2, a positive-
charged amino acid (Arg/Lys) was found at the position 2, which is a feature in signal peptide 
of β-defensin proteins [19]. PJD1 and PJD2 also have a basic amino acid motif between 
cysteine residues 1 and 2 (C1-X5–6G/AXC2) that is shared by other β-defensins [20]. 
 
 Due to the limited information available on the crustacean genome. We applied 
relevant information from other species for the research on molecular biology of Japanese 
spiny lobster. The 97 Mbp Caenorhabditis elegans genome is considered to be a good genetic 
model for the study on innate immunity [21-23]. Six defensin-like genes have been identified 
in C. elegans, more than 70 different defensins have also been identified in arthropods (insects, 
crustaceans, ticks, spiders and scorpions) and mollusks. Most of these defensins showed the 
features of invertebrate defensins [18, 24]. Here, we report two crustacean defensins that do 
not show any homology to invertebrate defensins but instead are similar to a vertebrate 
defensins. To our knowledge, this is the first study to report such an occurrence. In this study, 
we found two isoforms of Japanese spiny lobster defensins. The duplication of this gene might 
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be because of exon-shuffling since arthropod defensins have been reported to exhibit of exon-
shuffling of autonomous modules [10]. 
 
 
                                                                                1      2    3         4   
PJD1                MKTKAIVMLMLLVLVAATLVQGEPE-PSYFNDCGSNGGSCTRGYCSYSNRLPYTCSLGRT 59 
PJD2                MKTKAIVMLMLLVLVAATLVQGEPE-PSYILDCRTNGGRCVTGYCS--NTLPYSCGGGAI 57 
GgBeta-defpre       MRIVYLLIPFFLLFLQG--AAGTA------TQCRIRGGFCRVGSCRFPHIAIGKCATFIS 52 
MgBeta-defpre       MRIVYLLFPFFLLFLQS--AAGTP------IQCRIRGGFCRFGSCRFPHIAIAKCATFIP 52 
GgBeta-def4pre      MKILCFFIVLLFVAVHG--AVGFSRSPRYHMQCGYRGTFCTPGKCPYGNAYLGLCRPKYS 58 
                    *:   :.: :::: : .  . * .       :*  .*  *  * *   :     *      
                    56 
PJD1                CCR-------------LAYV-------- 66 
PJD2                CCR-------------HAYG-------- 64 
GgBeta-defpre       CCGRAYEVDALNSVRTSPWLLAPGNNPH 80 
MgBeta-defpre       CCG-------------SIWG-------- 59 
GgBeta-def4pre      CCR---------------WL-------- 63 
                    **                :          
 
 
 
Fig. 3.3. Multiple alignments of the deduced amino acid sequence of PJD1 and PJD2 with 
chicken β-defensins from GgBeta-defpre: Gallus gallus beta-defensin prepropeptide 
(AAG09212); MgBeta-defpre: Meleagris gallopavo beta-defensin prepropeptide (AAG09213); 
and GgBeta-def4pre: Gallus gallus beta-defensin 4 prepropeptide (NP_001001610). The signal 
sequences are underline. The common features of β-defensin are shadowed. An asterisk 
indicates amino acid identity, and (.) and (:) indicate amino acid similarity. The six conserved 
cysteines are in black boxes. 
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Fig. 3.4. Phylogenetic analysis of defensin peptide, multiple alignment generated by 
CLUSTAL W and was used to construct a phylogenetic tree using the Neighbour Joining 
method within the Mega molecular evolutionary genetic analysis software (version 4). The 
bootstrap values were obtained by testing the tree 1000 times. BiDef: Bombus ignitus defensin 
(AAQ94318); AmDefpre: Apis mellifera defensin preproprotein (NP_001011616); FaDef: 
Formica aquilonia defensin (AAX20158); MdDef: Musca domestica defensin (AAP33451); 
TiDef: Triatoma infestans defensin (ABD61004); DmDef: Drosophila melanogaster defensin 
(CAA81760); CvDef1: Crassostrea virginica defensin 1 (P85008); DaDef: Dermacentor 
andersoni defensin (ABK62866); CgDef: Crassostrea gigas defensin (CAJ19280); BtBeta-
def: Bos taurus beta-defensin (CAC15400); ChBeta-def: Capra hircus beta-defensin 
(ABF71365); BbBeta-def: Bubalus bubalis beta-defensin (ABI36600); RnBeta-def4: Rattus 
norvegicus beta-defensin 4 (NP_071989); GgBeta-def4pre: Gallus gallus beta-defensin 4 
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  1           2            3            4           5            6       
PJD2 
EF1-α 
PJD1 
prepropeptide (NP_001001610); GgBeta-defpre: Gallus gallus beta-defensin prepropeptide 
(AAG09212); and MgBeta-defpre: Meleagris gallopavo beta-defensin prepropeptide 
(AAG09213).  
 
3.4.2. Expression profiles of Japanese spiny lobster defensins  
 The transcripts of both genes were detected in all tissues examined, including heart, 
nerves, intestine, hemocytes, gills and hepatopancreas. PJD2, however, was weakly expressed 
in hepatopancreas (Fig. 3.5). We also conducted real-time PCR analyses to determine the 
effect of bacterial infection on PJD1 and PJD2 mRNA levels in apparently healthy and 
diseased phyllosomas (Fig. 3.6). Subsequent results show that the transcriptions of PJD2 seem 
to be decreased after bacterial infection whereas the expression of PJD1 is difficult to describe 
because it is not consistent. The diseased phyllosomas are divided into two groups, appears 
healthy but shows symptoms of disease (sample 3–6) and moribund and sluggish (sample 7–
10). In each group, the transcription of PJD1 and PJD2 are different among individual samples. 
However, the mRNA transcripts of both isoforms were almost the same level in individual 
samples except sample 2. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. Expression profiles of PJD1 and PJD2 in various tissues examined by RT-PCR.          
EF1-α expression was used as an internal control. Lane 1: heart, lane 2: nerves, lane 3: 
intestine, lane 4: hemocytes, lane 5: gills, lane 6: hepatopancreas.  
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Fig. 3.6. Expression profiles of PJD1 and PJD2 mRNA in apparently healthy and diseased 
phyllosomas by real-time PCR. EF1α mRNA levels were used as an internal control. 1-2: 
apparently healthy phyllosomas, 3-10: diseased phyllosomas. 
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CHAPTER 4 
Characterization of crustin antimicrobial proteins from  
Japanese spiny lobster Panulirus japonicus  
 
 
4.1. Abstract 
  
 Crustin antimicrobial proteins (PJC1 to 4) were identified from a phyllosoma library 
of Japanese spiny lobster, Panulirus japonicus. The deduced amino acid sequences of PJC1 to 
4 contained open reading frames of 130, 139, 124 and 150 amino acid residues, respectively. 
These proteins contained a glycine-rich region at the N-terminus and 12 conserved cysteine 
residues containing a single whey acidic protein (WAP) domain at the C-terminus. A 
phylogenetic tree and sequences alignment analyses revealed that PJC1 to 4 are more closely 
related to shrimp crustins than to other lobster crustins. Transcripts of PJC 1, 3 and 4 were 
detected in heart, nerves, intestine, hemocytes, gills and hepatopancreas, while transcripts of 
PJC2 were detected only in nerves. 
  
Keywords: Antimicrobial protein; Crustin; Carcinin; Innate immunity; Japanese spiny lobster; 
Panulirus japonicus; Phyllosomas; Whey acidic protein (WAP) domain 
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4.2. Introduction 
 
 The Japanese spiny lobster Panulirus japonicus, like all crustaceans, does not have an 
adaptive immune system or a specific immune system against pathogens. Instead, crustaceans 
act against pathogens via the innate immune system, which is composed of cellular and 
humoral immune responses. The humoral response includes the production of antimicrobial 
peptides (AMPs), activation of the prophenoloxidase activating system and initiation of the 
coagulation system [1]. The production and release of AMPs are thought to play a major role 
in the innate immunity against invading pathogens [2]. AMPs are generally small cationic 
molecules that can be synthesized without elevated metabolic cost and can rapidly diffuse to 
the point of infection [3]. To date, a number of AMPs have been identified and characterized 
from crustaceans. The first crustacean antimicrobial peptide characterized was a 6.5 kDa 
proline-rich cationic peptide from shore crab Carcinus maenas [4]. Among shrimp AMPs, 
three main families of AMPs have been characterized: penaeidins, antilipopolysaccharide 
factors (ALFs) and crustins. Penaeidins were first isolated from the Pacific white shrimp 
Litopenaeus vannamei and were found to be mainly active against Gram-positive bacteria and 
filamentous fungi [5]. ALFs were originally identified from the horseshoe crab Limulus 
polyphemus [6] and have a broader antimicrobial spectrum, including Gram-positive, Gram-
negative bacteria and fungi [7]. The first crustin, an 11.5 kDa antimicrobial peptide, was 
isolated from the shore crab Carcinus maenas [8]. It was later designated as carcinin [9] and 
subsequently considered to be a crustin-type molecule [10]. The name “crustin” was coined by 
Bartlett et al. (2002) to designate AMP sequences from penaeid shrimp, L. vannamei and L. 
setiferus [11], that were homologous to the 11.5 kDa antibacterial peptide from C. maenas.  
Crustin, which have sizes of 7-14 kDa, have a cationic region at the carboxyl terminus 
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consisting of 12-cysteine residues, the first part of which is a whey acidic protein (WAP) 
domain [12]. The WAP domain has eight cysteine residues at defined positions to form a four 
intracellular disulfide core. Although the WAP domain is associated with protease inhibitor 
activity [13], it has been found with diverse functions including antimicrobial defense [14, 15]. 
Crustin sequences have been identified from a variety of crustaceans and were grouped into 
three types (Types I-III); type I crustins, mostly isolated from crabs, lobsters and crayfish; type 
II crustins, generally isolated from shrimps; and type III crustins which are commonly found 
in decapods and contain only the WAP domain [12]. 
 
 Previously, four sequences homologous to shrimp crustins were obtained from a cDNA 
library prepared from phyllosomas of Japanese spiny lobster P. japonicus [16]. In the present 
study, we characterise the four genes and show that they are isoforms of a Type II crustin. The 
expression profiles of these crustin isoforms in various tissues were also examined. 
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4.3. Materials and methods 
 
4.3.1.  Isolation and characterization of four isoforms of Japanese spiny lobster crustin 
cDNA 
 We used a cDNA library constructed from Japanese spiny lobster phyllosomas to 
screen for the crustin gene. PCR products were ligated into a pGEM-T Easy Vector (Promega) 
and transformed into Escherichia coli strain JM109. Positive clones were screened using PCR. 
Plasmids from positive clones were sequenced and subsequently analyzed in silico. The signal 
peptides of the deduced amino acid sequences were predicted using the SignalP 3.0 program 
(http://www.cbs.dtu.dk/servics/SignalP) and the domain structure of mature peptide was 
performed by SMART software. The amino acid sequences were aligned using the Clustal W 
program while the molecular weight and pI values were calculated using the ProtParam tool 
(http://ca.expasy.org/tools). A phylogenetic tree was constructed using the neighbour-joining 
method with the molecular evolutionary genetic analysis (MEGA 4) software. Bootstrap 
values were calculated from 1000 replicates. 
 
4.3.2. Expression analysis by RT-PCR  
Total RNA was extracted from heart, nerves, intestine, hemocytes, gills and 
hepatopancreas of adult Japanese spiny lobster including two apparently healthy phyllosomas 
and eight phyllosomas with an unknown bacterial disease. Symptoms of the latter included 
cloudiness of the mid-gut gland and hind-gut, and complication in molting. First strand cDNA 
was synthesized from 2 µg of the total RNA using Moloney murine leukemia virus reverse 
transcriptase (MMLV; Invitrogen Corp., Carlsbad, CA, USA). RT-PCR was performed to 
analyze the expression profile of the crustin isoforms using specific primers (Table 4.1). 
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Elongation factor 1 alpha (EF1α) was amplified as an internal control. One microlitre of the 
first strand cDNA was used as the template in the PCR amplification. The PCR reaction was 
conducted with the initial predenaturation step at 95
o
C for 5 min followed by 30 cycles 
(tissues from adult) and 35 cycles (phyllosomas) of denaturing at 95
o
C for 30 s, annealing at 
60
o
C for 30s and extension at 72
o
C for 30s, and the final extension step at 72
o
C for 5 min. 
Five microlitres of the amplified products were visualized in a 1.5% agarose gel containing 
ethidium bromide by electrophoresis. 
 
Table 4.1. Sequences of the primers used in this study 
 
Primer Sequence (5’-3’) 
PJC1-F 
PJC1-R 
PJC2-F 
PJC2-R 
PJC3-F 
PJC3-R 
PJC4-F 
PJC4-R 
EF1α-F 
EF1α-R 
CAAGATGAAGGCAACACTCGA 
GCGACGTCCGAAGGGATACTC 
TCCACAGAGATCCAAGATGC 
GTGATTAGCGACCTCCGAAG 
GTCAACAAGACGGCAACACT 
CGAAGGGAAACTCTGCTGG 
TAGAGATCCAAGATGCTGCG 
CGCCAGTGTACTGTGGTGG 
GGCATTGACAAGCGTACCAT 
TCATCGAAACGATCCCTCGA 
 
4.4. Results and discussion  
 
4.4.1. Characterization of four isoforms of crustin cDNA from Japanese spiny lobster’s  
phyllosomas 
 Nine ESTs homologous to crustins were previously identified from the phyllosoma 
cDNA library [16]. Clustering analysis revealed the difference of the four isoforms of crustin, 
namely PJC1 to 4. The complete cDNAs encoding PJC1 to 4 were submitted in GenBank as 
accession numbers FJ797417 to FJ797420. The full-length cDNAs of PJC1 to 4 were 488, 
547, 448 and 586 nucleotides in length, consisting of open reading frames (ORFs) of 393, 420, 
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375 and 453 nucleotides, respectively (Fig. 4.1A-D). The ORFs coded for putative proteins of 
130, 139, 124 and 150 amino acids with calculated molecular weights of 13.6, 14.6, 13.4 and 
15.7 kDa and predicted isoelectric points (pIs) of 8.24, 8.59, 6.85 and 8.96, respectively. Each 
of the deduced sequences were predicted to have signal peptides with cleavage sites between 
Gly15 and Glu16. Alignment of PJC 1 to 4 sequences revealed the 12 cysteine residues, which 
are distinct features of crustin domains [17-19], were conserved (Fig. 4.1E). For each of the 
isoforms, the region containing the last 8 cysteine residues was identified as a WAP domain 
by the SMART program. They form a four-disulfide core creating a tightly packed structure 
[20]. Interestingly, PJC1 to 4, like Type II shrimp crustins, contained glycine-rich repeat 
domains of varying lengths (Fig. 4.1E) [12]. Moreover, the amino acid sequences of PJC1 to 4 
share high amino acid sequence identities with shrimp crustins (e.g., 41.7-53.8% identity with 
L. vannamei (AF430073) and 41.3-51.4% identity with L. setiferus (AF430079)). On the other 
hand, the identities with previously reported lobster crustins were quite low (e.g., 25.4-29.7% 
identity with Homarus americanus (ABM92333), 26.4-27.7% identity with H. gammarus 
(CAH10349) and 26.6-29.7% identity with Pacifastacus leniusculus (ABP88043)). In 
addition, the WAP domains of PJC1 to 4 were more similar to those of shrimp crustins (Fig. 
4.2A) than to those of lobster crustins (Fig. 4.2B). The position of aspartic acid (D) and lysine 
(K) residues in most of the WAP domains of shrimp crustins (-C-XX-D-XX-C-XXXD-K-CC-
X-D-) were also highly conserved (Fig. 4.2A) [12].  
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  GACACCACAGAGAACTAAGATGATGAAGCTAGTGTTGCTGTGTGTGTTGGGCTTGGCGGT 60 
                     M  M  K  L  V  L  L  C  V  L  G  L  A  V  
  GGGTCAAGATGAAGGCAACACTCGATTCATCGGTCACGGATCGGGCGGTGGCGTGCATGG 120 
   G  Q  D  E  G  N  T  R  F  I  G  H  G  S  G  G  G  V  H  G  
  GGGCGTACACGGTGGCGTGCCTGGCCAGAGCTCCAGCTGCCGCTACTGGTGCAGGACGCC 180 
   G  V  H  G  G  V  P  G  Q  S  S  S  C  R  Y  W  C  R  T  P  
  CCAGGGACAGGCCTACTGCTGTGAGAACGCCGCCAAGCCCCCTGGCCCCGTAGGAACGAA 240 
   Q  G  Q  A  Y  C  C  E  N  A  A  K  P  P  G  P  V  G  T  K  
  GCCCGGCAGCTGCCCCATAGTGCGCCCGGATTGCCCCCCGACCAGGACCTTTCTCGGCCC 300 
   P  G  S  C  P  I  V  R  P  D  C  P  P  T  R  T  F  L  G  P  
  ACAGACGTGTTCCAACGACTTCTCCTGCGCCGGGTCCGACAAGTGCTGCTATGACACCTG 360 
   Q  T  C  S  N  D  F  S  C  A  G  S  D  K  C  C  Y  D  T  C  
  CCTTGGGGAGCACGTCTGTAAACCACCAGAGTATCCCTTCGGACGTCGCTAATCACCTAC 420 
   L  G  E  H  V  C  K  P  P  E  Y  P  F  G  R  R  *   
  TGTACTGTCCTATACTGTACTTCTTTTACCTTAGAATAAAGATATTAAATTGAAAAAAAA 480 
  AAAAAAAA                         488 
 
  AAGAACCTCAGACGGAGAAATCCACAGAGATCCAAGATGCTGAAGCTTGTGTTGCTGTGT 60 
                                      M  L  K  L  V  L  L  C   
  GTGTTGGGCCTGGCCCTGGGTCAACAGGACGGCAACACTCGATTGCTCGGTCAGGGGTTG 120 
  V  L  G  L  A  L  G  Q  Q  D  G  N  T  R  L  L  G  Q  G  L   
  GGCAGTGTTGTTGGAGGCTTACTCGGGGGCTTACAGGGAGGCTTCCACGGGGGTGGAAAC 180 
  G  S  V  V  G  G  L  L  G  G  L  Q  G  G  F  H  G  G  G  N   
  ATACATGGCCAGAGTTCCAGCTGCCGCTACTGGTGCAGGACCCCCCGGGGCCAGTACTAC 240 
  I  H  G  Q  S  S  S  C  R  Y  W  C  R  T  P  R  G  Q  Y  Y   
  TGCTGTGAGAGCGGCTCCCGGCCCCCTGGCCCCGTCGGTACGAAACCCGGCAGATGCCCC 300 
  C  C  E  S  G  S  R  P  P  G  P  V  G  T  K  P  G  R  C  P   
  ATAGTGCGCTTCGATTGCCCCCCAACCAGGTTCCATGGCGGCCCACAGACGTGCTCCAAC 360 
  I  V  R  F  D  C  P  P  T  R  F  H  G  G  P  Q  T  C  S  N   
  GACTACTCCTGCGCCGGGTCCGACAAGTGCTGCTATGACACCTGCCTTGGAGAGCACGTC 420 
  D  Y  S  C  A  G  S  D  K  C  C  Y  D  T  C  L  G  E  H  V   
  TGTAAACCATCAGAGTATCCCTTCGGAGGTCGCTAATCACCTAATGTACTGTCCTGTACT 480 
  C  K  P  S  E  Y  P  F  G  G  R  *       
  GTACTTGTTTTATCTTTGAATAAAGAAATTGAGTCGAAAAAAAAAAAAAAAAAAAAAAAA 540 
  AAAAAAA                         547 
 (A) PJC1 
  
 
 
 
 
  
 
 
 
 
(B) PJC2 
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  ACCCAAGATGCTGAAGCTTGTGTTGCTGTGTGTGTTGGGCCTGGCCCTGGGTCAACAAGA 60 
         M  L  K  L  V  L  L  C  V  L  G  L  A  L  G  Q  Q  D  
  CGGCAACACTCGATTCTTCGATCATGAGTTGGGCGGTGGTGTTGTGGATTTCCACGGAGG 120 
   G  N  T  R  F  F  D  H  E  L  G  G  G  V  V  D  F  H  G  G  
  TGGAGTTGGTGGTATCCACGGACTAAGACCCAACTGCCGCTACTGGTGCAAACAGCCTGA 180 
   G  V  G  G  I  H  G  L  R  P  N  C  R  Y  W  C  K  Q  P  D  
  TGGCGAATACCACTGCTGCGACGGGGAGAAGCCCGGTAACTGCCCCATAGTGCGCCTGGA 240 
   G  E  Y  H  C  C  D  G  E  K  P  G  N  C  P  I  V  R  L  D  
  TTGCCCCCCAACTAGGACCTTTGCCGGCCCACAGACGTGTTCCAACGACCGCTCCTGCGC 300 
   C  P  P  T  R  T  F  A  G  P  Q  T  C  S  N  D  R  S  C  A  
  CGGGTCCGACAAGTGCTGCTACGACACCTGCCTTAGGGAGCGCGTCTGTAAACCAGCAGA 360 
   G  S  D  K  C  C  Y  D  T  C  L  R  E  R  V  C  K  P  A  E  
  GTTTCCCTTCGGAGGCCGCTAATCACACTATGCCATTAGACTGTACTTATTTGTTAAAAT 420 
   F  P  F  G  G  R  *   
  AAAGATATAAGCTAGAAAAAAAAAAAAA           448 
  CAAGAACCTCAGACGGAGACACTCATAGAGATCCAAGATGCTGCGGCTAGTGCTGCTGTG 60 
                                       M  L  R  L  V  L  L  C  
  TGTGTTGGGCCTGGCGGTGGGTCAAGAGGACAAAAAAGATACTCGCTTCTTCGGTGGGGG 120 
   V  L  G  L  A  V  G  Q  E  D  K  K  D  T  R  F  F  G  G  G  
  AGTGGGCAGTGTTCTTGGGGGTGTACACGGCGGTGTACACGGTGTTGTGCCAGGGGTTGT 180 
   V  G  S  V  L  G  G  V  H  G  G  V  H  G  V  V  P  G  V  V  
  GCCCGGTGTTTCCCCCGGGGTTGTGCCTGGCCAGAGCTCCAGCTGCCGCTACTGGTGCAG 240 
   P  G  V  S  P  G  V  V  P  G  Q  S  S  S  C  R  Y  W  C  R  
  GACGCCCCAGGGCCAGGCCTACTGCTGTGAGAACGCCTCCAGGCCATCTGGTCCCGTGGG 300 
   T  P  Q  G  Q  A  Y  C  C  E  N  A  S  R  P  S  G  P  V  G  
  AACGAAGCCCGGCAGGTGCCCACCAGTGCGCCCGAATTGCCCCCCGGTCAGGACCTTCGG 360 
   T  K  P  G  R  C  P  P  V  R  P  N  C  P  P  V  R  T  F  G  
  CGGCCCCCCACAGACGTGTTCCAACGACTACTCCTGCGCCGGGTCCGACAAGTGCTGCTA 420 
   G  P  P  Q  T  C  S  N  D  Y  S  C  A  G  S  D  K  C  C  Y  
  TGACACCTGCCTTAGGGAGCACGTCTGCAAACCACCACAGTACACTGGCGTCCCCTTCGG 480 
   D  T  C  L  R  E  H  V  C  K  P  P  Q  Y  T  G  V  P  F  G  
  CAGGCGCTAAATAACCAACTATCAAACTATTTCATTGTAGCTTGTTTTCTCTGTTCTCTC 540 
   R  R  *   
  TTCTAAAATAAAGTAATTCAAAGAGCAATGTAAAAAAAAAAAAAAA   586 
 (C) PJC3 
 
 
 
 
 
 
 
 
 
 
(D) PJC4 
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(E) 
 
 
 
 
 
 
 
Fig. 4.1. Complete nucleotide and amino acid sequences of PJC1 (A), PJC2 (B), PJC3 (C) and 
PJC4 (D). The underlined sequences are predicted signal peptides. Asterisks indicate the stop 
codon while polyadenylation signals are in bold and italic. Alignment of PJC 1 to 4 amino 
acid sequences (E), twelve cysteine residues are in black boxes. Glycine-rich repeat are in bold. 
Amino acid identities within PJCs are highlighted in grey. 
 
 
 
 
 
 
 
 
 
 
 
 
PJC1            MMKLVLLCVLGLAVGQ-DEGNTRFIGHGSG---GGVHGGVHGGVP------------GQS 44 
PJC2            MLKLVLLCVLGLALGQ-QDGNTRLLGQGLGSVVGGLLGGLQGGFHG------GGNIHGQS 53 
PJC3            MLKLVLLCVLGLALGQ-QDGNTRFFDHELG---GGVVDFHGGGVGG---------IHGLR 47 
PJC4            MLRLVLLCVLGLAVGQEDKKDTRFFGGGVGSVLGGVHGGVHGVVPGVVPGVSPGVVPGQS 60 
                *::**********:** :. :**::.   *   **: .   * .             *   
                   1      2                    34                                        5               6                             7            8    
PJC1            SSCRYWCRTPQGQAYCCENAAKPPGPVGTKPGSCPIVRPDCPPTRTFLG-PQTCSNDFSC 103 
PJC2            SSCRYWCRTPRGQYYCCESGSRPPGPVGTKPGRCPIVRFDCPPTRFHGG-PQTCSNDYSC 112 
PJC3            PNCRYWCKQPDGEYHCCD---------GEKPGNCPIVRLDCPPTRTFAG-PQTCSNDRSC 97 
PJC4            SSCRYWCRTPQGQAYCCENASRPSGPVGTKPGRCPPVRPNCPPVRTFGGPPQTCSNDYSC 120 
                ..*****: * *: :**:         * *** ** ** :***.* . * ******* ** 
                                                   910     11          12 
PJC1            AGSDKCCYDTCLGEHVCKPPEY---PFGRR 130 
PJC2            AGSDKCCYDTCLGEHVCKPSEY---PFGGR 139 
PJC3            AGSDKCCYDTCLRERVCKPAEF---PFGGR 124 
PJC4            AGSDKCCYDTCLREHVCKPPQYTGVPFGRR 150 
                ************ *:****.::   *** * 
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PJC1            KPGSCPIVRPDCPPTRTFLGP-QTCSNDFSCAGSDKCCYDTCLGEHVCKPPE 51 
PJC2            KPGRCPIVRFDCPPTRFHGGP-QTCSNDYSCAGSDKCCYDTCLGEHVCKPSE 51 
PJC3            KPGNCPIVRLDCPPTRTFAGP-QTCSNDRSCAGSDKCCYDTCLRERVCKPAE 51 
PJC4            KPGRCPPVRPNCPPVRTFGGPPQTCSNDYSCAGSDKCCYDTCLREHVCKPPQ 52 
CrusFb          KPLNCPQVRPTCP--RFHGP-PKPCSNDYKCAGLDKCCFDRCLEEHVCKPPS 49 
CrusILv         KILDCPQVRPTCP--RFHGP-PTTCSNDYKCAGLDKCCFDRCLGEHVCKPPS 49 
Crus-likeMj     KPLDCPQVRPTCP--RFQGGGPVTCSNDYKCAGIDKCCFDTCLQEHVCKPPS 50 
Crus-likeFc1    KPGRCPPVRDVCPGLRQGVP---ICRQDTDCFGSDKCCYDVCLNDTVCKPIV 49 
Crus-likePm     KPGRCPQIRETCPGLRKGIP---ICRQDNECFGSDKCCFDTCLNDTVCKPIV 49                 
                *   ** :*  **  *        * :* .* * ****:* ** : ****   
PJC1            KPGSCPIVRPDCPPTRTFLGP-QTCSNDFSCAGSDKCCYDTCLGEHVCKPPE 51 
PJC2            KPGRCPIVRFDCPPTRFHGGP-QTCSNDYSCAGSDKCCYDTCLGEHVCKPSE 51 
PJC3            KPGNCPIVRLDCPPTRTFAGP-QTCSNDRSCAGSDKCCYDTCLRERVCKPAE 51 
PJC4            KPGRCPPVRPNCPPVRTFGGPPQTCSNDYSCAGSDKCCYDTCLREHVCKPPQ 52 
CrusPl1         -------RNVLCDRTQFNYPNHLNCKDDEDCQVFEKCCYLPDNHQLICRNS- 44 
CrusPl2         HAGNCPPPLKEC--TR-FPRPPQVCPHDGHCPYNQKCCFDTCLDIHTCKPAH 49 
CrusPl3         --------RPDCPDTR--SGPPVECYTDNDCGPLDKCCCDACLDHYVCKPA- 41 
PET-15Pa        HEGKCP-SRQFCPHHIGAKVGPTICEFDYQCSKTEKCCYDVCLKHKTCKRVV 51 
Crus-likeHa     HAGRCI-IHTFCARGDFTPPSPIRCGHDDYCPYNEKCCYDACLKHHTCKGPL 51 
Car-likeHg      HAGRCA-KHVFCARGDFTPPAPIRCGHDDYCPYHEKCCYDACLKHHTCKGPI 51                            
                           *            *  *  *   :***         *:    
(A) 
 
 
 
 
 
(B) 
 
 
 
 
 
Fig. 4.2.  Alignment of WAP domains of PJC 1 to 4 with WAP domain of (A) shrimp crustins 
and (B) lobster crustins. An asterisk indicates amino acid identity, and (.) and (:) indicate 
amino acid similarity. The conserved cysteines are in black boxes. The positions of aspartic 
acid (D) and lysine (K) which are the common features of the WAP domain of shrimp crustins 
are shadowed. Farfantepenaeus brasiliensis (CrusFb; ABQ96197); Litopenaeus vannamei 
(CrusILv; AAS59734); Marsupenaeus japonicus (Crus-likeMj; BAD15062); Fenneropenaeus 
chinensis (Crus-likeFc1; AAZ76017); Penaeus monodon (Crus-likePm; ACL97378); 
Pacifastacus leniusculus (CrusPl1; ABP88042: CrusPl2; ABP88043: CrusPl3; ABP88044); 
Panulirus argus (PET-15Pa; AAQ15293); Homarus americanus (Crus-likeHa; ABM92333); 
H. gammarus (Car-likeHg; CAH10349).  
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A phylogenetic tree of WAP domain-containing proteins based on the WAP sequences 
(Fig. 4.3), revealed three distinct groups: 1) shrimp crustins including all isoforms of Japanese 
spiny lobster crustins, 2) crab carcinins and lobster crustins, and 3) proteins with a single 
WAP domain (SWD), elafins, and secretory leucocyte protease inhibitors (SLPIs) with a WAP 
domain at the carboxyl-terminus.  
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Fig. 4.3.  Phylogenetic analysis of the WAP domains in a range of invertebrate and vertebrate  
proteins; crus: crustin; car: carcinin; SWD: single WAP domain protein; ela: elafin; SLPI: 
secretory leucocyte protease inhibitor, multiple alignment generated by CLUSTAL W and was 
used to construct a phylogenetic tree using the Neighbour-Joining method within the Mega 
molecular evolutionary genetic analysis software (version 4). The bootstrap values were 
obtained by testing the tree 1000 times. L. vannamei (CrusLv1; AF430071: CrusLv3; 
AF430073); L. setiferus (CrusLs1; AF430077: CrusLs2; AF430078: CrusLs3; AF430079);   
F. subtilis (CrusFs; EF450744); F. paulensis (CrusFp; EF182747); Marsupenaeus japonicus 
(CrusMj2; AB121741); Fenneropenaeus chinensis (CrusFc; AY871268); H. americanus 
(CrusHa; ABM92333); H. gammarus (CarHg; CAH10349); P. leniusculus (CrusPl2; 
ABP88043); Carcinus maenas (CarCm1; AJ821886: CarCm2; AJ821887: CarCm3; 
AJ821888: CarCm4; AJ821889); L. vannamei (SWDLv; AY465833); Penaeus monodon 
(SWDPm; AY464465); Sus scrofa (ElaSs; BAA08854); Ovis aries (ElaOa; AAQ92320); 
Homo sapiens (ElaHs; NP_002629); Rattus norvegicus (SLPIRn; AAN32722); H. sapiens 
(SLPIHs; EAW75869); O. aries (SLPIOa; NP_001030302).   
 
The ORF transcripts of the four isoforms of Japanese spiny lobster crustin gene were 
identified on the gDNA sequence. They have no intron (data not shown) similar to Crus-
likePm gene in shrimp that also lacked introns in the ORF region [21].   
 
 Similar to carcinin isoforms in crab [10], the differences in cDNA sequences of crustin 
isoforms may also be attributed to post-translational modifications that led to the changes in 
the nucleotides. 
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4.4.2. Detction of four isoforms crustin  transcripts 
 Transcripts of PJC1, 3 and 4 were detected in all tissues examined (heart, nerves, 
intestine, hemocytes, gills and hepatopancreas), while PJC2 transcripts were detected only in 
the nerves (Fig. 4.4A). Fig. 4.4B compares the transcript levels in three groups of 
phyllosomas: healthy (lanes 1 and 2), apparently healthy but showing symptoms of disease 
(lanes 3-6) and moribund and sluggish (lanes 7-10). The expressions of PJC2 and 3 seemed to 
increase after bacterial infection, while those of PJC1 and 4 decreased, especially in moribund 
phyllosomas. The expression pattern of PJC1 and 4 is similar to the expression of a crustin-
like protein in H. gammarus against pathogens, which was shown to decrease in dying lobsters 
[22]. PJC2 on the other hand, was only detected in the nerves of normal samples and is highly 
expressed in diseased phyllosomas which implies that PJC2 may be expressed in damaged 
tissues the same as PET-15 [23]. It was previously reported that the expression of crustin I, but 
not of crustin P, was down-regulated by Vibrio alginolyticus inoculation [24] and that the 
expression of a crustin from Penaeus monodon decreased after V. harveyi challenge [25]. On 
the other hand, Plcrustin1 from Pacifastacus leniusculus was up-regulated after challenge with 
Escherichia coli or Acinetobacter ssp. [26]. These results suggested that the type of bacteria 
affects the expression of different crustins which is why the transcription levels of PJC1 to 4 
are different among individual samples.  
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EF1-α 
PJC1 
PJC2 
PJC3 
PJC4 
   1             2              3             4               5              6 
PJC2 
PJC1 
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Fig. 4.4. (A) Expression profiles of PJC1 to 4 mRNA  in various tissues examined; lane 1:  
heart, lane 2: nerves, lane 3: intestine, lane 4: hemocytes, lane 5: gills, lane 6:  
hepatopancreas; and (B) expression profiles of PJC1 to 4 mRNA in healthy (lanes 1-2), 
apparently healthy (lanes 3-6) and diseased (lanes 7-10) phyllosomas by RT-PCR. EF1-α 
mRNA levels was used as internal control. 
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General conclusions 
 
 
Currently, vast improvements have been made in the culture of Japanese spiny 
lobster. However, though the culture of larvae was successful, the survival rate in culture stock 
is still low. Two major factors that have hindered larval culture are long phyllosoma stage and 
diseases caused by microorganism. Thus, a better understanding of lobster immunity would 
help us design efficient strategies for disease control and insure the long-term survival of 
phyllosoma. Expressed sequence tags (ESTs) are a powerful tool for identifying homologues 
of reported genes and gene expression in tissue or cells. Previous analyses of shrimp ESTs 
have greatly helped to understand shrimp biology. Therefore, we used the EST method to 
study the gene profile in different stages of Japanese spiny lobster, focusing on immune-
related genes. Moreover, genes involved in antimicrobial peptide group were further 
characterized.  
 
 A total of 2,673 ESTs were isolated from Japanese spiny lobster. Immune-related 
genes were found including lectins, proteinase inhibitors, prophenoloxidase, heat-shock 
proteins, antimicrobial peptides, and a few putative defense-related proteins. Genes involved 
in antimicrobial peptide group were defensin and crustin. Two novel isoforms of Japanese 
spiny lobster defensin were closely related to chicken β-defensin. Four isoforms of Japanese 
spiny lobster crustin were more closely related to shrimp crustin than to other lobster crustins. 
 
 100 
 Several genes involved in innate immune response in shrimp particularly genes 
belonging to the proPO cascade and antimicrobial peptides were isolated from Japanese spiny 
lobster. This therefore suggests that the lobster immune system may share close similarities to 
the shrimp immune system. 
